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ABSTRACT 
This thesis presents the analysis of micro and macro residual stress distribution in 
different materials exploiting the synchrotron X-ray and neutron diffraction technique. 
This work can be broadly classified into two parts; the first part investigates the 
feasibility of using synchrotron X-ray diffraction for high resolution crack tip strain 
and stress mapping around a fatigue crack inside a bulk material under in-situ loading 
and the second part presents the investigation of macro residual stress distribution on 
several welded specimens of different alloys using neutron diffraction. 
Synchrotron X-ray diffraction was used to capture the strain and stress 
distribution around a fatigue crack under different loading conditions. The 
investigation was employed in two fine-grained Al-5091 compact tension (CT) 
specimens, with both the samples having a fatigue crack of 10mm where one of them 
was subjected to a 100 % overload after the fatigue crack was grown. The results 
show the presence of significant triaxial tensile stresses in front of the fatigue crack in 
the as-fatigued sample and the overloaded sample, with maximum stresses of 250 
MPa and 550 MPa observed respectively in the longitudinal direction. The crack tip 
stress value reduces to zero in the as-fatigued sample when unloaded, whilst in the 
overloaded sample, a compressive stress region is observed in front of the crack tip in 
the unloaded condition. A constant magnitude of compressive stress is observed along 
the crack wake just behind the crack tip in both samples under loaded and unloaded 
conditions; however the extent of this compressive zone was found to be greater in the 
overloaded sample. 
The macro-stress distribution in different welded samples has been 
investigated using the neutron diffraction technique in the second part of work. This 
study can be sub-divided into three parts. The first part discusses the 3D residual 
stress distribution in a 316L austenitic stainless steel bead-on-plate welded specimen 
using neutron diffraction and the results are compared to the results obtained from the 
contour method. In the second part, an investigation was carried out to study whether 
the condition of similitude exists in a laboratory size welded component when 
extracted from the original structure. To study this phenomenon residual stress 
analysis was carried out in metal inert gas (MIG) welded Al-2024 and Al-7150 alloy 
compact tension specimens. A substantial amount of stress relaxation is observed in 
the compact tension specimen when the results are compared with the original welded 
specimens from where the CT specimens were extracted, which clearly shows that 
similitude does not apply in the case of welded specimens and care must be taken in 
using the results from laboratory size fracture and fatigue specimens extracted from 
real structures. Finally, the third part discusses the residual stress redistribution 
phenomenon due to the presence of a fatigue crack. To study this redistribution 
phenomenon an investigation has been carried out in a variable polarity plasma arc- 
(VPPA)-welded Al-2024 sample with different crack lengths. Stresses in these 
samples were analysed using neutron diffraction at HMI facility, Berlin. The result 
shows significant redistribution of residual stress in both samples. 
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NOMENCLATURE 
a General symbol of stress; units of MPa 
6. Maximum principal stress 
611i. Minimum principal stress 
Angle measured clockwise from the x- 
13 axis to the maximum principal stress 
direction 
Hole-drilling calibration constants for A, B finite area strains 
CMM Co-ordinate measurement machine 
EDM Electro discharge machining 
A Wavelength of photon, X-ray, neutron 
d Interplaner spacings; units of length 
0 Bragg scattering angle; units of degree 
h Plank's constant 
c Speed of light in vacuum 
E Energy of the photon 
m Mass of neutron 
v Velocity of neutron 
L Distance from moderator to the detector 
t Time of flight of neutrons (, us) 
do Interplaner spacing of unstressed 
material 
Odhv Uncertainty in the measured dhk, 
The angle of inclination which is the 
angle between the plane normal and the 
measured direction in surface stress 
measurement using X-ray diffraction 
E General symbol of strain, with subscripts 
for principal strain 
E Young modulus 
V Poissons ratio 
8 Kronecker's delta 
T Temperature of the moderator 
KB Boltzmann constant 
g"' Scattering angle at the monochromator 
DL Long diagonal in a gauge volume 
lo Intensity of incident beam 
,u Linear absorption co-efficient 
P Density of the material 
11) Mass absorption co-efficient 
P 
N Number of applied fatigue cycle 
K. , Kam;,, 
Maximum and minimum stress intensity 
factor at the crack tip 
R Ratio of K,,,;,, to K. during fatigue 
cycle 
K, , K , K,,, 
Stress intensity factor in mode-I, mode-II 
and mode-III loading 
a Crack length 
, 3(a 1 W) Function of specimen and crack 
geometry. 
6 Qri Qu Stress in x, y and z direction respectively 
ays Yield stress 
rp Plastic zone size 
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Introduction 
Stresses, which are locked inside a material without any application of external force 
are termed residual stresses. By nature, residual stresses remain in a stationary body 
in equilibrium with its surroundings. In practice, it is impossible to fabricate any 
component entirely free of residual stress. Residual stresses can be detrimental or 
beneficial to the performance of a structure or component depending on the 
magnitude and nature of the stress. Tensile surface stress can aid the initiation and 
growth of fatigue cracks from surface defects, which eventually affect load carrying 
capacity and resistance to fracture. On the other hand, compressive residual stress 
has been proved to be beneficial, as it can suppress crack initiation and crack growth. 
Thus, residual stresses can be used to increase the life span of a component if 
compressive residual stresses can be introduced deliberately. It is important to 
understand that residual stress and applied stress are separate entities. While the 
magnitude and the effect of applied stresses are well understood, it is difficult to 
evaluate and predict the magnitude and the effect of residual stress as it is 
superimposed on service stresses and can cause a premature failure of a component. 
On the other hand, overestimation of the magnitude of the residual stress values in 
design can greatly increase production costs. That is why, for engineers, it is very 
important to have reliable techniques by means of which residual stress can be 
measured accurately, so that its effect can be taken into account for design 
calculations and fatigue life predictions. 
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To have a better understanding about residual stress, it is worth knowing more about 
the sources, different types and different techniques to measure these stresses, which 
will be discussed later in this chapter. Although many techniques (destructive and 
non-destructive) have been around for many years, the recent development of 
neutron and synchrotron diffraction technique has provided engineers and 
researchers with the opportunity to investigate these stresses deep inside the material 
non-destructively together with sufficient accuracy. The combination of these new 
tools can be used to investigate in-situ residual stresses with very high spatial 
resolution and very fast counting time. 
In this current work, synchrotron and neutron diffraction have been used in two 
different sets of applications, demonstrating the broad range of investigation which 
can be carried out using these two techniques. The outline of this work is briefly 
presented below: 
In chapter 1, the basic concepts of residual stress are discussed along with a brief 
description of the different techniques used to measure residual stresses. 
In chapter 2, the details of the diffraction technique in measuring residual stress are 
presented with special emphasis on the neutron and synchrotron diffraction 
techniques. 
Chapter 3 reviews two aspects of residual stress; the first part discusses the effect of 
residual stress on fatigue crack growth and the second part discusses the issues 
related to development of weld residual stress and reviews the different aspect of 
weld residual stress on different alloys. 
Chapter 4 presents results from the first part of this work which investigates the 
feasibility of use of synchrotron diffraction for high resolution strain and stress field 
1) 
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mapping around a fatigue crack inside a bulk metallic component under various in- 
situ loading conditions. 
Chapter 5 discusses the investigation of macro residual stress in different welded 
components using the neutron diffraction technique along with detailed discussions 
of different issues related to weld stress measurement. 
Chapter 6 describes the conclusions of the work carried out in this project along with 
some suggestions for future work. 
1.1 Theoretical review of residual stress 
1.1.1 Nature and origin of residual stress 
Residual stresses can develop in almost every step of a given manufacturing process, 
from grinding to heat-treatment. These stresses are mainly produced by 
inhomogeneous plastic deformation, which causes misfits between different phases 
or different regions within the material [1.1]. Figure 1.1 shows different process that 
can generate residual stresses in a component. Heat-treatment, such as welding, and 
inhomogeneous plastic deformation during any kind of forming processes, for 
example grinding, rolling, hot-working etc. causes misfits between different phases 
or different regions within the material resulting in residual stress. Methods like shot- 
peening [1.2-1.4] and cold expansion of holes [1.5] are widely practised in industry 
to deliberately introduce compressive residual stress in the component (figure 1.1), 
so that fatigue crack growth is retarded resulting in increased service life of the 
Chapter 1 
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Figurel. l: Different types of macro and micro residual stress are shown [ 1.1 ]. 
component. In this current work, weld residual stresses in stainless steel and 
aluminium alloys have been analysed and discussed. Residual stress generation in 
weld material mainly occurs due to the contraction of heated weld metal after 
solidification during cooling [1.6,1.7]. This contraction is resisted by the 
surrounding material which is cooler than the welded region. As a result tensile 
residual stress is generated in the weld counter-balanced by the compressive stress in 
surrounding region. Weld residual stress generation is discussed more details in 
chapter 3. 
,wý r-; 
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1.1.2 Different types of residual stress 
Residual stresses are commonly classified in terms of the different length scales over 
which they are homogeneous inside a material [1.1,1.81: these are i) type-I stress 
which is also known as macrostress, ii) type-II stresses which are also known as 
intergranular stress or microstresses and iii) type-III stresses which are known as 
microscopic stresses. Type-I stresses acts over a macro scale, over few grains, and 
are equilibrated over the whole component (figure 1.2). Thermal and mechanical 
sources like welding, heat treatment, plastic bending are sources of such stresses. 
Type-II stresses are intergranular in nature and are equilibrated between individual 
grains or phases. These stresses are caused by anisotropy of plastic flow of different 
phases, mismatch in the coefficient of thermal expansion (CTE) or elastic modulus 
between different phases. Type-III stresses are inhomogeneous across microscopic 
distances, perhaps several atomic distances, within a single grain. Type-II and type- 
III stresses are also termed as micro-stresses. Lattice imperfections such as 
dislocations and inclusions are mainly responsible for these kinds of stresses. These 
micro-stresses are also called "pseudo-micro stress" [1.9] as they can only be 
detected by diffraction techniques but not by any other destructive technique (for 
example hole drilling), as these stresses are equilibrated or sum to zero over very 
small volume of the material. However, it is worth mentioning that type-II stresses 
can be quantified using diffraction technique while type-III stresses can be detected 
but are difficult to quantify. A typical variation of different kind of residual stress 
5 
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Figure 1.2: Variation of residual stress distribution over different length scale [l. 1]. 
distribution is shown in figure 1.2. Although engineers are more concerned about the 
macrostress as it gives broader idea of the performance of the material, investigation 
of microstress is also important because measurement of residual stresses by 
diffraction technique gives the superposition of both stress components. So it is 
important to have a better understanding of the microstress in order to have a better 
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knowledge of macrostresses. In this current work, although most effort was given in 
the calculation of macro-stress, an attempt has been made to minimize the presence 
of micro-stresses in the macro-stress calculation. 
1.2 Different techniques to measure residual stresses 
Over the last few decades, many qualitative and quantitative techniques have been 
developed to evaluate residual stress. However, in recent years with the advancement 
of computer technology, much development of the previous techniques and the 
emergence of new techniques have become possible, which has opened up the 
opportunity for engineers to measure residual stresses in a wide range of materials 
with improved accuracy. Residual stress measurement techniques can be divided into 
two broad categories- I) Destructive techniques, II) Non-destructive techniques. 
Examples of destructive techniques are hole drilling [1.10,1.11] the ring core 
technique [ 1.12], the Sachs boring method [ 1.13], the compliance method [ 1.14] and 
the recently developed contour method [1.15,1.16]. Details of these techniques will 
be discussed in the following section. The principle of destructive techniques lies in 
strain relaxation, which takes place when some portion of material is taken out; and 
as a result of the relaxation a change of material shape takes place which can be 
measured with a strain gauge and hence stresses are determined using back 
calculation [1.17]. On the other hand, non-destructive techniques use physical and 
crystallographic properties of the material, which change with change in strain, as a 
tool to measure the residual stresses. Both destructive and non-destructive techniques 
have their advantages and disadvantages. Destructive techniques are very useful in 
case of quick measurements in industry, but the disadvantages of these techniques is 
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that once the measurement is carried out the sample cannot be remeasured or used 
for further investigation. These techniques are also unable to give any information 
about type-II and type-III stresses. 
Among the non-destructive techniques the most important and widely used 
techniques are X-ray diffraction [ 1.18] and neutron diffraction [ 1.19]. Besides these, 
there are a few other techniques, like the magnetic method [1.20] and the ultrasonic 
method [1.21]. Non-destructive techniques are very popular simply because the 
sample can be used for further studies after the measurement is completed. Neutron 
diffraction can determine residual stresses deep inside the material non-destructively, 
while other non-destructive techniques are limited to near surface only. Diffraction 
techniques are also sensitive to the microstresses (type-II and type-III stresses). The 
drawbacks of these techniques are that they are expensive and very sensitive towards 
the crystallographic orientation (texture) of the material. So, it is crucial to 
understand the microstructure of the material and be sure about the nature of the 
stresses (for example macro or micro) to be measured before deciding which 
techniques to opt for. 
1.2.1 Destructive techniques 
In destructive methods, some portion of material is removed from the component, as 
a result of which stress relaxation takes place in the remaining material [1.17]. The 
consequence of this stress relaxation is observed in the form of a strain change or 
shape change. Measurement of this relieved strain is achieved typically by means of 
strain gauges. The relative stress is then calculated from the strain using analytical 
solutions. However, special care must be taken during material removal as it can 
introduce some external stress, which will effectively increase the level of 
8 
Chapter 1 
uncertainty. Although with the advancement of machining technology, nowadays 
precision tools and instruments (for example, electro discharge machining) are 
available which ensures surface removal without introducing any new stresses. 
1.2.1.1 Hole-drilling and ring-core method 
Among all destructive techniques the hole-drilling and ring-core methods are the two 
most common methods used to measure residual stresses. These two techniques are 
very similar in nature and both involve localized removal of stressed material. In the 
case of hole drilling, a small hole, with diameter typically from 1-4 mm, is drilled on 
the material surface to a depth approximately equal to the diameter of the hole [1.101. 
A specially designed rosette [1.11,1.22] of strain gauges (as shown in figurel. 2) are 
placed around the hole which measures the relieved strain in the surrounding region 
of the hole. Stress can then be calculated using equation 1.1. 
Q=(6 +a1 )A+(a -Q 
)Bcos2ß (1.1) 
Where A and B are hole drilling constants whose values depend on measurement 
condition such as material property, rosette geometry, hole diameter etc. Their values 
can be calculated numerically or by FE calculations [1.1,1.23], or.. and o, are the 
principal stresses, f3 is the angle from the x axis to the direction of maximum 
principal stress (figure 1.3). 
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Hole 
Figure 1.3: Hole drilling method. 
a 
Figure 1.4: Ring core method. 
On the other hand, in the ring-core method [ 1.12] an annular slot (internal diameter 
of around 15-150 mm) is cut, instead of drilling a hole, from the surface of the 
material. A strain gauge rosette is placed inside the ring as shown in figure 1.3, 
which measure the relieved strain in the material inside the ring. The ring core 
method is mostly used in case of large samples. 
The limitations with these two techniques are: a) they can only measure stresses up 
to a certain depth of around 8 mm [1.24], b) also the hole drilling technique cannot 
be used for those cases where very steep stress gradients exist in the component, as 
this technique assumes constant stress across the hole or the diameter of the core. 
In spite of these limitations, the hole drilling technique, which is well established 
theoretically and experimentally, is the most widely used non-destructive method 
mainly due to its simplicity and its ability to measure quickly. 
ain gauge 
rosette 
Ring core 
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1.2.1.2 The deep hole drilling method 
Unlike the hole drilling or ring core method, the deep hole drilling technique [1.25, 
1.26] allows residual stress measurement very deep inside the component (almost up 
to a depth of 500 mm in steel). In this technique, a reference block is attached to the 
component, which ensures proper alignment for drilling, followed by drilling of a 
reference hole through the component. The drilling is mainly done by gun-drilling 
method as it ensures good surface finish and makes the hole fairly straight. The 
diameter of this hole is then measured very accurately by using an air probe. This 
was followed by drilling another higher diameter hole containing the reference hole 
as its axis. Thus the residual stress present in the core get relaxed which can be 
calculated by re-measuring the diameter of the deformed reference hole and then 
transforming this into the corresponding stress using an elastic analysis approach 
[1.26]. This analysis assumes that there will be no plastic deformation during the 
stress relaxation. This technique is very useful in measuring residual stresses in very 
thick sections and is being practised widely in engineering application. 
1.2.1.3 The Sachs boring method 
The Sachs method [1.13] is also based on the same principle of measuring the 
relaxed strain when a concentric layer of material is removed from the surface of the 
material. This technique is restricted only to cylindrical components where hoop 
stresses vary mostly with radius and the axial stresses are negligible. In this 
technique, a thin annular layer is removed from the inside of the cylinder and the 
strain is calculated from strain changes measured by attaching a pair of strain gauges 
on the outer surface of the cylinder. 
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1.2.1.4 Compliance method 
This method involves cutting of a small slots and monitoring the strain relaxation in 
front of the crack using strain gauges attached on the surface 11.27]. The normal 
stress can also be resolved with this technique by slowly increasing the depth of the 
slot. The slots can be introduced into the component without putting much stress 
inside the material by using electro discharge machining technique. 
1.2.1.5 Contour method 
This is the most recently developed method to measure residual stress. It can be used 
for all metallic materials and is particularly useful for those cases where conventional 
methods cannot be applied. This method was originally developed by Michael B. 
Prime [ 1.15,1.16] of Los Alamos National Laboratory, USA. The basic principle of 
this method relies on Bueckner's elastic superposition principle [ 1.281. Like the other 
destructive techniques this method uses the stress relaxation of the material when it is 
cut, but unlike the other methods it does not need layer by layer removal. In this 
technique the material is cut into two pieces by using Electro Discharge Machining, 
which ensures that significant stress does not get introduced during the cutting. As a 
result of this cut the residual stress present in the material will he relaxed and the cut 
surface will no longer he flat. The contour of the cut surface is then measured using 
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Figure 1.5: Steps involved in the contour method. 
the co-ordinate measurement machine (CMM) and the measured surface is then 
forced hack in to the flat original surface using finite element model. Thus, by hack 
calculation of the change of shape, stress is then calculated. The steps of this process 
are shown schematically in figure 1.5. 
lt should be noted that the direction of the measured stress will always be 
normal to the cut surface. The advantage of this technique is that a full field stress 
map of a very thick sample can be obtained in relatively short period of time. when 
compared to diffraction technique. This technique is also not affected by texture or 
micro structural effects in the material. Disadvantages of this technique are that it can 
not measure stresses in three directions. and the accuracy of this technique is largely 
dependent on the quality of the EDM cut. This technique is becoming very popular 
among the engineering and research community: although. much development is still 
going on in order to understand the measurement uncertainties 1 1.29,1.301. 
1.2.2 Non-destructive techniques 
The principle of non-destructive techniques is based on the measurement of the 
lattice parameter or other physical property of the material. Some of the important 
and widely used non-destructive techniques will be discussed in the following 
sections. 
1.2.2.1 Diffraction techniques 
Among the non-destructive techniques, diffraction techniques are the most popular 
and reliable. Laboratory X-ray diffraction, neutron diffraction and synchrotron X-ray 
diffraction are the three most frequently used and reliable non-destructive techniques. 
A detailed discussion on these three techniques will be presented in the next chapter. 
Besides these three diffraction techniques. the electron diffraction technique is also 
used for stress measurement which enables very high spatial resolution to be 
achieved, as small as 10 nm [1.31]. This technique is able to determine type-II 
stresses and also can give some information about type-Ill stress. The electron 
diffraction technique is restricted to measure very thin sample because of its low 
penetrability. 
1.2.2.2 Magnetic methods 
This method exploits the interaction between the magnetization and elastic strain of 
ferromagnetic materials. There are mainly two different kinds of magnetic methods 
available to determine residual stresses. These methods are: Barkhausen noise 
method and magnetostriction method. The Barkhausen method relies on analysis of 
magnetic domain wall motions, which is affected by the application of stress on the 
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material [1.32]. The movement of magnetic domains was first observed by 
Barkhausen [1.33]. An electric pulse is generated when domain wall movement takes 
place, and if these pulses are added for several domain wall, a noise-like signal is 
generated, which is termed Barkhausen noise. This noise gets damped as a function 
of distance as it goes inside the material and as a result of this phenomenon, this 
technique is restricted to surface stress measurement [1.34]. The intensity of the 
Barkhausen noise is also dependent on the material properties, for example texture 
and microstructure. 
On the other hand the magnetostriction method relies on the measurement of 
permeability and magnetic induction, which are also affected due to the presence of 
residual stress [1.32]. 
These two methods can be used to measure stress in the bulk material as well as on 
the surface. The magnetic methods provide a relatively cheap, portable and quick 
way to measure stresses non-destructively. 
1.2.2.3 Ultrasonic techniques 
When an ultrasonic wave is passed through a stressed material, a change in velocity 
of the wave is observed relative to the unstressed material [1.35]. By measuring the 
change in velocity, the stress is then calculated by using the following equation. 
v=vo+ka. (1.1) 
Where v is the velocity of the wave in the stressed material, vo is the velocity of the 
wave in unstressed material, 6 is the stress and k is the acoustoelastic constant. The 
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value of k depends on material property and is usually obtained by calibration 
[1.36]. The waves are launched by a transmitting transducer and detected by a 
receiving transducer after being passed through the region of interest in the material. 
This technique can be used to determine the surface stress as well as the stresses 
inside the component. The disadvantages of this technique are that the acoustoelastic 
constant values change with the material property for example, with texture and 
microstructural changes. In addition, this technique also requires very precise 
determination of path length and time of flight of wave as the shift in velocity is very 
small. For example to measure a stress change of 10% Yield Strength (Y. S) 
corresponds to a shift in velocity of only about 0.1% [1.37], which means very small 
error in determining change in velocity can lead to significant stress error. The 
spatial resolution obtained in this technique is very low as macrostress is determined 
over the relatively large volume of material through which the wave propagates. 
However, this technique is widely used in routine inspection of large components, 
due to the fact that it is convenient to use, quick to set up and also relatively cheap. 
1.3 Summary 
A detailed review of different aspect of residual stress is presented in this chapter. It 
describes the different sources of residual stress generation along with a brief 
description of different measurement techniques available to measure residual 
stresses and their respective advantages and disadvantages. 
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Residual stress analysis using diffraction 
This chapter describes the basics of the diffraction technique used for the analysis of 
residual stress. It also describes the neutron and synchrotron X-ray diffraction 
techniques in detail, describing the use of the techniques in the field of residual stress 
analysis and their respective advantages and disadvantages. 
2.1 Basic principle of diffraction 
When a wave interacts with a material, which has atoms arranged in a periodic 
manner, scattering in all directions takes place. Diffraction occurs when scattered 
waves mutually reinforce one another, or in other words constructive interference 
takes place. This phenomenon can be better explained mathematically. If we assume 
a parallel, monochromatic and coherent X-ray beam, having a wavelength of A, 
incident on two parallel planes of atoms CCM and BB (figure 2.1) at an angle of B, 
separated by interplanar spacing d, then constructive interference will occur when 
n2 = 2d sin 0 (2.1) 
Equation 2.1 is called Bragg's law [2.1] (where, n is the order of reflection which 
could be any integer value (1,2,3-----) providing sin 0! 9 1. 
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2 
Figure 2.1: X-ray diffraction by plane of atoms. 
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In summary, diffraction will only take place if the following basic conditions are 
satisfied: 
" Generally the wavelength of the incident beam should have the same order of 
magnitude as the interplanar spacings of the sample or diffracting material. 
" The scattered beam should satisfy Bragg's law. 
Diffraction has become an important technique to analyse residual stress non- 
destructively and accurately. X-rays and neutrons both can be used to study residual 
stress as they have wavelengths of the order of the interplanar spacings of most 
common engineering materials. Laboratory-generated X-rays are limited to measure 
only surface stresses (depth of few hundreds nm) due to the strong absorption of this 
radiation, while neutrons, having higher penetrability, are capable of analysing 
stresses deep inside the material. When a material is under tension or compression, 
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this will result in an increase or decrease of the atomic interplanar spacings. Using 
Bragg's law the d -spacing of a particular lattice reflection can be determined if the 
wavelength of a monochromatic photon or neutron beam and the angle of diffracted 
beam is known. 
The wavelength of a photon is given by the following equation: 
he 
E 
(2.2) 
Where his the Plank's constant, c is the speed of light in vacuum and E is the 
energy of the photon. Substituting equation 2.2 in equation 2.1 yields: 
he 
= 2d sin B E 
(2.3) 
Thus, for a known fixed diffraction angle the interplanar spacing d can be 
determined by measuring the energy of the photon from equation 2.3. 
The wavelength of the thermal neutron can be related to its velocity by the following 
equation: 
h 
mv 
(2.4) 
Where mit is the mass of neutron and v is the velocity of the neutron. If, to travel a 
distance of L, time-of-flight of neutron is t, then the velocity of neutrons can be 
deduced from the following equation: 
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L 
V=- (2.5) 
t 
Hence from equation 2.4 and equation 2.5 we get: 
ht 
Mn L 
(2.6) 
Now, substituting equation in Bragg's equation (2.1) the following equation can be 
obtained: 
ht 
= 2d sin B 
mnL 
(2.7) 
Therefore, for a fixed diffraction angle, the interplanar spacing d can be determined 
by measuring the time-of-flight of neutron t to travel the distance L. 
Thus, strain can be calculated using: 
d-do 
_Ad do do 
(2.8) 
Where do is the interplanar spacing of unstressed material and d is the interplanar 
spacing of stressed material. 
Differentiating Bragg's equation (2.1) assuming constant wavelength and 
substituting in equation 2.8, strain can be determined as: 
23 
Chapter 2 
e= 
d0 
= -cot9A9 (2.9) 
Strain can also be obtained by differentiation of equation 2.3 and is given by: 
= E-E 
(2.10) 
do 
Similarly, strain can also be calculated by differentiating equation 2.7 and can be 
expressed by the following equation: 
Ad At 
dt 
(2.11) 
Therefore, using diffraction technique strain can be calculated in three different 
ways: 
" By keeping the wavelength fixed and determining the peak shift in terms of 
Bragg angle. 
" By determining the peak shift in the energy spectrum at a fixed Bragg angle. 
" By measuring the peak shift in the time-of-flight spectrum at a fixed 
diffraction angle. 
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2.2 Calculation of stress from the strain values 
For isotropic solids the strain tensor can be related to the stress according to Hooke's 
law [2.2]. 
v 
Eij = 
l+Ev 
6,1 -8, ý 
v 
0k*. (2.12) 
Where k is a dummy suffix that sums over all k (i. e. 6kk = all + Utz + 633 , 
E is the Youngs modulus, v is the Poissons ratio and 8 is Kronecker's delta 
function, which is defined as: 
8; 
ý =1 when, i=j, 
Sý = 0, when, iýj. 
Stress tensor can be obtained by inverting equation 2.12 and is given by: 
or ii =E -'j 
yE 
,; E l+v (1 + v)(1- 2v) 
(2.13) 
If the three principal stress directions in the component are known, strain can be 
calculated in these directions using equation 2.12, and the principal stresses can then 
be calculated using equation 2.13. 
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2.3 Residual stress measurement using laboratory X-ray 
diffraction 
This is one of the oldest methods to measure residual stresses, dating back to 1920, 
with most of the pioneering work carried out in Germany [2.3]. Laboratory X-ray 
diffraction is widely used to measure stresses non-destructively. However due to the 
X-rays' relatively low energy and high absorption in materials, measurements cannot 
be made deep inside the material [2.4]. The typical penetration depth in engineering 
material is in the range of tens of microns. Since the measurement is restricted to the 
near surface, the stress measurement can be carried out with the assumption of 
having zero stress in the normal direction; that means the plane stress condition can 
be assumed [2.4]. The in-plane stresses on the surface can be measured by measuring 
the out of plane strain at different yr angles using the measurement geometry in 
reflection. Figure 2.2 shows the schematic diagram of the co-ordinate system of the 
laboratory X-ray stress measurement. Stress in any chosen direction can be 
calculated using the following equation [2.1]: 
d047 
d-do =1Evo"#sin2W-E(6, ß+622) 0 
(2.14) 
Where E is the modulus of elasticity, yr is the angle of inclination which is the 
angle between the plane normal and the measured direction, dog, is the lattice 
parameter at angle yi and da is the stress free lattice parameter. Now, if d. y, can 
be 
measured for several different yr values and the measured values are plotted as a 
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Figure 2.2: A schematic diagram of conventional X-ray diffraction using the 
sin 2 yr technique. 
function of sin 2 W, the value of Qow can be calculated from the slope of the plot and 
equation 2.5, provided that the values of E, v and do are known. Normally, the d 
value measured at yr =0 is used as do. This assumption is reasonable as it has been 
found not to introduce significant error (error < 0.1 %) [2.1,2.2]. In practice, three 
different types of d vs sin 2u plots are observed depending upon the nature of the 
stresses present in the material (figure 2.3). Plots show linear variation when biaxial 
or uniaxial stress is present in the material (figure 2.3-a), while yr splitting is 
observed where there are shear stresses present in the component. Oscillatory 
behaviour (figure 2.3-c) in the d vs sin 2 yr plot indicates the presence of a 
inhomogeneous stress state in the material, which is mainly caused by the presence 
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(a) (b) (c) 
Figure 2.3: Different types of d vs sin 2 yr plots. 
of texture in the material [2.2]. Although the laboratory X-ray diffraction method is 
mainly used for surface stress measurement, it can also be used to determine 
subsurface information by removing the surface layers by chemical or mechanical 
means, providing no additional stresses are generated by the process. 
2.4 Stress measurement using neutron diffraction 
For a long time, engineers and researchers around the world have been looking for a 
technique which would enable them to measure the residual stress-state deep inside 
materials non-destructively. Although the neutron was discovered by Chadwick in 
1932, residual stress analysis using neutron diffraction did not materialise until the 
early 1980s, when the experimental set up for the measurement was first developed 
at Harwell, Oxfordshire [2.5]. Also, within the same period parallel work was carried 
out in other places [2.6,2.7]. Since then, in the last two decades a lot of development 
has been undertaken on this technique, which has now become the most established 
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and reliable method to measure residual stress deep inside polycrystalline materials. 
In recent years engineering industry has accepted this technique as a potential tool 
for stress measurement, which is clearly evident by the increasing number of 
industrial users [2.8]. In addition, a draft ISO standard (CEN ISO/TS 21432 : 2005) 
has recently been published for this technique. This is a reflection of the fact that the 
neutron diffraction technique has become popular among engineers and researchers. 
The following is a list of advantages of this method over other techniques. 
> This is the only technique available which has enabled engineers to measure 
the three dimensional residual stress deep inside a material non-destructively, 
which can be used to validate FE analysis. 
> Neutron penetration is of the order of centimetres in most engineering 
materials. 
¢ Phase specific information can be obtained; this means individual phase 
response in a multiphase material can be observed, in addition to information 
on intergranular stresses it is especially useful for new metal matrix 
composites. 
¢ Neutron diffraction can be used for in-situ residual stress measurement of 
components as neutrons can penetrate furnaces and other environmental 
enclosures. 
2.4.1 Neutron sources 
Neutrons are difficult and expensive to produce. At present there are mainly two 
different types of neutron source available, which can produce sufficient fluxes for 
diffraction experiments, namely, 1) fission reactor sources [2.9] and 2) spallation 
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sources [2.10]. Neutrons produced from both these sources have very high energy, 
too high to be used in a diffraction experiment. To reduce this high energy, the 
neutrons are passed through a moderator [2.10,2.11 ], which typically consists of 
light atoms such as heavy water or liquid methane, to obtain energy and wavelength 
of the required order of magnitude which can be used for most polycrystalline 
engineering material. The role of a moderator is to slow down the high energy 
neutrons, which reaches equilibrium with the moderator temperature after numerous 
collisions with the atoms of the moderator. 
From the wave particle nature of neutrons the following relationship can be written 
h 
my 
(2.15) 
Where A= wavelength of neutron, m= mass of neutron, h is Planck's constant and 
v is the velocity of the neutron. 
Also, E=2 my 2 (2.16) 
Where E is the energy of neutron. 
From equation 2.15 and equation 2.16 we get 
2E 
(2.17) 
m 
Now, if the temperature of the moderator is T, then 
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E=K BT (2.18) 
Where KB= Boltzmann constant. 
From equation 2.17 and equation 2.18 we get: 
h (2.19) 
. mKBT 
,e 
012345678 
(A) 
Figure 2.4: Wavelength distribution of thermal neutrons for several thermalization 
temperatures T: (1) T= 1000K ("hot" neutrons), (2) T= 300K ("thermal" 
neutrons), (3) T= 20K ("cold" neutrons) [2.10]. 
The energy of neutrons follow the Maxwellian distribution when they achieve to 
equilibrium with the moderator temperature [2.8,2.9] and by varying this 
temperature, a specific wavelength distribution can be selected for various types of 
neutron spectrometers, which may require different energies for different 
applications (figure 2.4). For a reactor source, a continuous monochromatic beam of 
fixed wavelength is obtained by Bragg reflection of a polychromatic beam using a 
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single crystal monochromator [2.8,2.12]. In this case information from a single peak 
is recorded. On the other hand, a spallation source produces short pulses of neutrons 
where each pulse contains a wide range of wavelengths allowing information from 
several peaks to be recorded at the same time [2.10]. This will be further discussed in 
the following sections. 
2.4.1.1 Reactor neutron source 
In reactor sources, continuous beams of very high energy neutrons are produced by 
fission of Uranium (U235) [2.11,2.13]. These high energy neutrons are then passed 
through the moderator to bring down the energy level. The neutron beam obtained 
from the moderator is polychromatic in nature, having a wide distribution of 
wavelength. This polychromatic radiation (white beam) is converted to a 
monochromatic beam by Bragg scattering via a monochromator [2.12], which is 
placed at a specific angle with respect to the beam in the neutron guide. Usually, a 
single crystal such as graphite or germanium is used as a monochromator and 
according to the requirement of the experiment, suitable wavelengths can be selected 
by positioning the monochromator crystal at different angles [2.8]. Neutron guide 
tubes are made of coated borated glass and are sometimes curved so that fast 
neutrons, X-rays and y rays are filtered from the beam before reaching the sample. 
Reactor sources produce the most intense beams in terms of total integrated flux 
[2.8]. 
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2.4.1.2 Diffractometers at reactor sources 
The schematic diagram of a typical neutron diffractometer used for strain 
measurements is shown in figure 2.5. The polychromatic beam that comes out from 
the moderator is monochromated to a single wavelength using a single crystal 
monochromator, using the principle of Bragg's Law. 
nA = 2d. sin eM (2.20) 
Where d. = lattice spacing of the monochromator, BM is the scattering angle at the 
monochromator and A is the neutron wavelength. In most instruments the 
monochromator take off angle 20M is variable in order to have the flexibility of 
selecting suitable wavelengths for different experiments. The beam divergence can 
be controlled by placing Soller collimators (figure 2.5) before and after the 
monochromator. The neutron flux of the beam incident on the sample can be 
monitored by placing a monitor counter after the monochromator. The sample table 
is positioned in such a way that the incident beam passes through the centre of 
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Beam shutter 
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-* Gauge volume 
Detector 
Figure 2.5: Schematic diagram for strain measurement on a reactor neutron source. 
rotation of the sample table. The diffracted intensity is recorded by a detector that 
moves around the centre of rotation of the sample table. The gauge volume is defined 
by the intersection of the incident and diffracted beams and is fixed by slits placed in 
front of the sample and in front of the detector. The diffracted intensity is obtained 
by scanning the diffracted beam using the detector. The detector counts the 
distribution of neutrons as a function of 20 for a given reflection. A typical 
spectrum of a diffracted beam obtained in reactor source diffractometer is shown in 
figure 2.6. A fitting routine is used to accurately determine the peak centre 
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Figure 2.6: Typical diffraction spectrum obtained at DIA instrument at ILL reactor 
neutron source [2.14]. 
depending upon the shape of the peak [2.8] and will be discussed later. Strain is then 
calculated for a particular set of crystallographic lattice spacings; i. e. (111) or (311). 
2.4.2 Pulsed neutron source 
In pulsed neutron sources, sharp pulses of high energy protons are generated in a 
synchrotron by accelerating in bursts to 800 MeV. These protons are then directed to 
a heavy metal target material (Pb, W, Ta, U). Protons interact with the target nuclei 
and a spallation reaction takes place, exciting the nuclei and as a result of this, 
neutrons are evaporated [2.9]. The main advantage of a spallation source over a 
reactor source is that much lower heat is generated in spallation source. Thus, fast 
neutrons produced from spallation reactions are thermalised using a moderator made 
of hydrogenous material (see section 2.2.1) [2.15]. Most of the instruments at pulsed 
sources use polychromatic radiation enabling full diffraction spectra to be obtained. 
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The intensity of each neutron pulse is very high and comparable to the intensity of 
neutron beams in reactor source [2.8]. In recent years pulsed sources such as ISIS 
(UK) [2.10], IPNS (USA) [2.16], LANSCE (Los Alamos, USA) [2.17] have become 
popular due to their advantages over reactor sources, and processes are ongoing to 
make them more intense. At the moment the most intense spallation source in the 
world is at ISIS, at Oxfordshire, UK. Neutron generation in this facility is described 
in detail in many publications [2.10,2.18]. In this facility H- are accelerated to 665 
keV by a five stage Cockcroft-Walton multiplier and then to 70 MeV by four linear 
r. f. accelerating cavities. On injection both the electrons are stripped off as they are 
passed through 0.25 pm thick aluminium oxide stripping foil. Remaining protons are 
then accelerated to 800 MeV in a 50 Hz synchrotron by repeatedly passing through 
six r. f. accelerating cavities. Pulses of protons are produced by this process and are 
directed to water cooled depleted uranium target where a spallation reaction takes 
place producing a pulse of neutrons. Approximately 15 neutrons are produced for 
each incident proton. These neutrons are high energy neutrons (1 to 800 MeV) and 
need to be moderated by passing through a hydrogenous moderator (CH4, H20) which 
reduces the energy level to 1-100 meV, making them suitable for use in diffraction 
experiments. 
2.4.2.1 Basic principles of strain measurement using a pulsed 
neutron source 
In a pulsed neutron source, short pulses of neutrons are directed to a polycrystalline 
sample, the diffracted neutrons are then measured by a detector, which is placed at a 
fixed scattering angle (normally of 20= 90°). As each pulse of neutrons contains a 
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continuous range of velocities and therefore wavelengths, separation of each 
wavelength is achieved by measuring the time-of-flight of each neutron. This is due 
to the fact that the energy and therefore the velocity of each neutron are inversely 
proportional to the wavelength. The detected neutrons are recorded in separate time 
channels, each corresponding to a certain velocity or wavelength. Therefore, if the 
distance between the moderator and sample is known, then the time of flight can be 
calculated from the following equations: 
From Bragg's law, 
A= 2dsin0 
The velocity (v) of a neutron is related to the wavelength A by, 
A=h/mv=3956/v 
(2.21) 
(2.22) 
Where h is Planck's constant and m is the mass of the neutron. The time of flight (t) 
of detected neutrons can be calculated by, 
t= 505.5L[m]d [A] (2.23) 
Where L is the total flight path of neutrons from the moderator to the detector (figure 
2.7). If the detected neutron counts are plotted as a function of time, a 
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Figure 2.7: The basic component of a time of flight diffractometer. 
diffraction spectrum (figure 2.8) will be obtained which will have several peaks 
corresponding to the different interplanar spacings within the polycrystalline 
material. The advantage of this method is that information corresponding to many 
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Figure 2.8: A typical time-of-flight diffraction pattern from stainless steel obtained 
in ENGIN-X. 
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Chapter 2 
crystallographic reflections can be obtained simultaneously giving the opportunity to 
investigate the strain responses of each of these reflections. In addition to this, it is 
also possible to obtain important information on texture, elastic anisotropy and 
plastic anisotropy of the material. 
2.4.2.2 ENGIN-X diffractometer at the ISIS spallation source 
ENGIN-X is the most recent version of a dedicated strain scanner, commissioned in 
2003, and is the successor of ENGIN [2.19], which was built at ISIS in 1994. The 
purpose of the development of this instrument was to meet the increasing 
requirements of the engineering community. ENGIN-X provides considerable 
improved performance over the ENGIN instrument [2.20]. One of the major 
problems with spallation instruments is in obtaining very good resolution together 
with a high intensity. ENGIN-X has a primary flight path of 50 m, unlike the 15 m 
flight path for the ENGIN instrument. This optimum length was determined based on 
the Figure of Merit concept [2.8], the value of which should be maximum when 
designing an instrument [2.21]. The higher path length enables it to provide very 
good strain resolution together with a combination of high intensity and good time 
resolution [2.21,2.22]. A schematic diagram of the instrument is shown in figure 2.9. 
The instrument has two detector banks, situated at ± 900 to the incident beam. An 
array of radial collimators are placed in front of both the detectors, which can be 
changed easily to provide the required gauge dimensions that can vary from 0.5 to 4 
mm. Both sides of the collimators are covered with boron carbide shielding to reduce 
the effect of background radiation. The incident beam is defined by motorized boron 
carbide slits (0.2-10 mm horizontal, and 0.2-30 mm vertical). The sample table is 
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capable of handling a maximum of 500 kg; it can be moved to± 250 mm in the X 
and Y directions and up to 600 mm in the Z direction, with a maximum rotation of 
3700. A wide range of wavelengths can be used in ENGIN-X, from 0.5 to 10 A 
[2.23]. Further, it has a stress rig and radiant furnace to facilitate measurements 
under applied loads and realistic (high temperature) environments. Furthermore, the 
very recent development of SSCANS software [2.24], has allowed measurements to 
IIF HE 
Detector 
Beam Stop 
Figure 2.9: Schematic diagram of ENGIN-X diffractometer. 
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be carried out in very complex samples and together with the in-house data analysis 
software, Open Genie [2.25], has made this instrument one of the most advanced in 
the world. 
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2.4.2.3 POLDI pulse overlap-diffractometer 
A new diffractometer has been installed at the continuous spallation source at PSI, 
POLDI, which works on the time-of-flight principle allowing a multiple pulse 
overlap method, resulting in measurements with good resolution together with high 
intensity [2.26]. In a conventional time of flight diffractometer, good resolution is 
achieved by shortening of the pulse which eventually reduces the duty cycle and as a 
result of which intensity is reduced. The pulse overlap method at POLDI allows 
pulses of neutrons to be overlapped, resulting in an increase in the duty cycle over a 
conventional source of 5.6 % [2.27]. As the pulse overlaps of neutrons are allowed, 
the resolution can be adjusted by the chopper speed and allowing intensity to be 
independent of resolution. The layout of the instrument is shown in figure. 2.10. A 
neutron mirror with an elliptical surface defines the polychromatic incident beam and 
reduces the background. The beam is modulated in time using a disc chopper with 
eight apertures cut at random angular spacing around the edge over a 90° sector. 
These are accurately repeated over the other quadrants, to give a known sequence of 
short, 8 6w , time pulses. The neutron counts from the 8 overlapping frames are 
collected from a time-focused helium (He3) PSD detector at about 2m distance from 
the sample over a 30° range of scattering angle. The total flight path is nearly 14 m. 
The overlapping TOF diffraction patterns are deconvolved by identifying their time 
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Figure 2.10: Schematic diagram of the POLDI instrument [2.28]. 
origin from their time intervals, and from the slope of peak intensity contours in a 
plot of intensity vs time of arrival, t, and scattering angle, 0'. The instrument also 
suppresses the neutrons below a well-defined cut-off wavelength (1.1 
Ä) by using 
neutron optics to define the incident beam. A resolution of Ad/d - 2x ] 0-3 FWHM can 
he attained. 
2.5 Important aspects of neutron strain measurement 
There are several parameters, for example instrument alignment, gauge volume, 
instrumental resolution, peak fitting, etc, which are important when making precise 
and accurate strain measurements [2.8]. Before performing an experiment, it is 
important to know the effect of these parameters as each parameter could introduce 
significant error in the final results. A few of the important parameters are discussed 
in the following sections. 
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2.5.1 Gauge volume 
The gauge volume is the region in the sample over which the strain is averaged when 
any point is measured. In simple words it can be defined as the intersection of the 
incident beam and the diffracted beam, which are defined by the incident slits width 
and the diffracted slit width [2.29]. The shape of the gauge volume depends on the 
diffraction angle. However, in reality the shape of the effective gauge volume can 
vary depending on instrumental uncertainties. The gauge volume can be defined 
NGV Diffracted 
beam Detector 
(a) 
Sam 
(c) 
beam 
(b) 
Aector 
Figure 2.11: Schematic diagram of (a) nominal gauge volume (NGV), (b) instrumental 
gauge volume (IGV) and (c) sample gauge volume (SGV) in neutron 
diffraction where 29 = 900. 
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in three categories [2.30], a) nominal gauge volume (NGV), b) the instrumental 
gauge volume (IGV) and c) the sampled gauge volume. 
The nominal gauge volume is defined by the intersection of a perfectly parallel 
incident neutron beam and the diffracted neutron beam (figure 2.11 a). This volume 
can simply be calculated by knowing the aperture width of the incident and diffracted 
slits [2.8]. 
The instrumental gauge volume is the area defined by the intersection of the actual 
neutron beam paths through the defining apertures, taking into account beam 
divergence (figure 2.11 b). The IGF can be calculated by experiment or by 
mathematical modelling. 
The sample gauge volume is the part of the instrumental gauge volume from which 
the actual measured diffraction peak is obtained (figure 2.11 c). In other words this is 
the actual volume in the sample over which strain is averaged. It can be affected by 
the following parameters [2.8,2.30]: 
o Partial filling of the instrumental gauge volume [2.31,2.32]. 
o The wavelength distribution of neutrons across the incident beam [2.8]. 
o Neutron attenuation within the sample [2.8,2.33]. 
o Texture within the sample [2.34]. 
If the IGV is completely submerged in a non-absorbing and non-textured material, 
then the IGV is the same as SGV. It is very important to know the SGV properly, as 
this is the actual volume over which the strain within the sample is averaged. Before 
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performing an experiment, care has to be taken in selecting the appropriate gauge 
volume. Selection of a larger gauge volume ensures shorter counting times, but with 
a loss in spatial resolution. In many cases it is very important to have a high spatial 
resolution if large stress gradients exist in the component being investigated. 
2.5.2 Measurement of stress free reference sample 
Measurement of stress using diffraction techniques is based on comparative 
measurement of lattice spacing (d,, ) and strain free lattice parameter (do) in the 
sample (equation 2.2). An error of 0.1 % in the estimation of do can lead to significant 
error in the final stress analysis [2.35]. Thus, accurate measurement of strain and the 
corresponding stress is dependent on the accuracy of the measured do value. The 
following are a range of methods available to measure do [2.8]: 
a) Measurement of far-field do value: This is the most convenient and 
common way of measuring a stress free reference value, where a 
measurement is carried out far from the affected region of the material. This 
approach is based on the assumption that for many components stresses fade 
away from the main stress affected zone and so the component will have a 
minimum of residual stress at distances far away from the main affected zone. 
This approach is widely used except for the cases where compositional 
changes or phase transformation can take place and due to that the stress free 
reference value changes point to point. 
b) Measurement of a powder: In many occasions a powder sample of the same 
material is used to measure do value. The concept behind the use of powder is 
that fine particles are unable hold any significant stress. However, one has to 
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be very careful in using powder as some external stresses might be introduced 
during the mechanical processing of the powder particle. Powders are 
measured by filling a vanadium or quartzite tube and placing it in the neutron 
beam. 
c) Use of machined cube or a `Comb' sample: This approach is used in those 
cases where the component under investigation is expected to have 
compositional variation and local stress free parameter varies from point to 
point [2.36]. This mainly occurs in the heat treated alloy due to the 
precipitation of a second phase. In this method, many small cubes are taken 
out from part of the original specimen or an identical specimen using the 
EDM technique, which ensures no extra stresses are introduced during 
cutting. Cubes are cut as small as possible, providing that a sufficient number 
of grains are available for diffraction to take place. Furthermore, as this 
approach allows point to point variation, the effects of intergranular stress or 
type II stress can be minimised. In this project, this method was used in 
measuring stress in a welded specimen and will be discussed later in the next 
chapter. 
2.5.3 Fitting of diffraction peaks 
To obtain an accurate lattice parameter and consequently strain and stress, it is 
crucial to be able to locate the diffraction peak centre accurately. The diffraction 
peak profile obtained from steady-state source can be described by symmetric 
functions. Typically a Gaussian-shaped function [2.37] is most commonly used to fit 
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these symmetric profiles. In some occasions, in the elastic region the peak profile can 
be well described by the Gaussian function, but in the plastic region the peak profile 
is best described by Lorentzian function [2.8]. The combination of these two profiles 
is represented by `Voigt' function or the `Pearson type VII' function [2.37,2.38]. 
Both these functions can fit a peak profile where gradual transition from Gaussian to 
Lorentzian takes place. 
Unlike the symmetric profile in steady-state sources, peak profile obtained in the 
pulse-neutron source is asymmetric in nature, which is generated mainly due to the 
moderation process involve in this technique [2.10]. A typical asymmetric peak 
profile obtained from pulse-neutron source recorded on the ENGIN beamline at ISIS 
is shown in figure 2.12. This sort of asymmetric peak profile, which consist of a 
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Figure 2.12: A Si 220 Bragg peak recorded on the ENGIN beamline at the ISIS 
time-of-flight source [2.8]. The fitting of the profile is done by 
Carpenter et al [2.39]. 
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leading and trailing exponentials, is usually described using Voigt function. However 
a better fit to the data can be achieved by a function developed by Carpenter et al 
[2.39], which is currently used to fit the data in ENGIN-X, ISIS instrument. 
The whole diffraction spectrum obtained in the pulse-source is fitted using the 
Reitvelt [2.40] or Pawley [2.41] refinement approach to obtain an average lattice 
parameter of the unit cell. These refinements can be performed using freely available 
software or computer codes such as Generalized Structure Analysis System (GSAS) 
by Larson and Von Dreele [2.42]. Use of Reitvelt or Pawley approach has become 
very popular among researchers and engineers, particularly for strain and stress 
measurement, due to its ability to provide a weighted average of the strain from all 
reflections in the diffraction peak and thus enabling to obtain a strain value close to 
macroscopic strain response in a particular direction [2.43]. The basic concept behind 
the Reitvelt and Pawley fitting routine is to fit the observed diffraction profile with a 
theoretical intensity profile of the whole diffraction spectrum, which include peak 
profile, unit cell parameters, structures, multiplicity factors, absorption and 
background. Although a texture factor can also be included in both these technique to 
allow for any preferential orientations in the grains the Pawley technique is more 
suitable in case of textured material as it does not put any constraint on the calculated 
intensities of the peaks and instead allows intensity of each reflection to vary 
independently. 
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2.5.4 Selection of suitable crystallographic planes 
Selection of the most appropriate diffraction peaks is crucial in determining 
macroscopic strain and corresponding stress for reactor source. It is generally 
recommended to select a peak which will represent large number of grains that 
essentially means the peak with high structure factor and multiplicity [2.8]. However, 
in reality, selection of a suitable plane is often found to be complicated as most 
engineering materials are affected with texture, elastic anisotropy and plastic 
anisotropy. 
Elastic anisotropy arises due to the fact that the elastic response of individual 
grains in a polycrystalline material are anisotropic to applied stress, as a result of 
which different lattice planes shows different response to macroscopic stress [2.44, 
2.45]. However, it has been found that in the elastic region the strain response for 
individual reflections are linear (figure 2.13). Therefore, in this region any lattice 
reflection can be selected to determine the macroscopic strain provided the accurate 
diffraction elastic constant for that particular plane in the polycrystalline sample is 
known. The elastic constants can be calculated either by in-situ experiments using 
neutron diffraction technique or by using Reuss [2.46], Voigt [2.47] or Kroner [2.48] 
models. 
Plastic anisotropy arises due to the heterogeneous plastic flow of different 
grains during deformation [2.8,2.49]. As a result, in the plastic regime an individual 
reflection does not follow linear behaviour with the application of external loading. 
When a polycrystalline material is loaded into the plastic regime, some grains are 
oriented in such way that the shear stress reaches critical value and deformations in 
these grains occur before the other grains. Once deformation occurs in these grains, 
49 
Chapter 2 
some load is then transferred to the other grains and deformation takes place. Thus, 
anisotropy effects in the plastic region are complicated and, till now there is 
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Figure 2.13: The elastic lattice strain response for austenitic stainless steel parallel to 
uniaxial loading as determined from individual peak analysis and by 
Rietveld analysis of the whole diffraction profile [2.8,2.43]. 
a lack of complete understanding in many issues in the plastic region. To predict the 
mechanism of polycrystalline deformation in the plastic regime elastoplastic self- 
consistent (EPSC) approach has been used extensively which are all based on 
formalism given by Hill [2.50,2.51], later a significant work on this is done by 
Hutchingson [2.52] and more recently by Clausean and Lorentz [2.53,2.54]. 
However, due to the non-linear behaviour of the individual reflections in the plastic 
region it is difficult to quantify plastic anisotropy. To determine the macro-stresses in 
the plastic regime, it is recommended to use those reflections that are less sensitive to 
plastic deformation or in other words which shows linear response in both elastic and 
plastic regime. Lattice planes which is known to show good linearity and is affected 
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less by intergranular strains is given in the draft VAMAS standard [2.30] and is 
presented in table 1.1. Alternatively, the Reitvelt or Pawley analysis (discussed in the 
previous section), widely used to fit the diffraction spectrum obtained in the pulse- 
neutron source, has been reported to be insensitive to the intergranular affects even in 
the plastic region up-to several percent plastic strain [2.43]. Use of Reitvelt or 
Pawley analysis has been found to show linear response as a function of stress in the 
elastic and plastic region (figure 2.13). This effectively means that use of this 
multiple-peak fitting approach can be used as a tool to deal with these elastic and 
plastic anisotropy problems. 
Table 1.1: Lattice planes weakly and strongly affected by intergranular strains [2.8]. 
Material Recommended Planes Problematic planes 
(Weakly affected by (strongly affected by 
inter granular strains) inter granular strains) 
fcc (Ni , Fe, Cu) (111), (311), (422) 
(200) 
fcc (Al) (311), (422), (220) (200) 
bcc (Fe) (110), (211) (200) 
hcp (Ti) Pyramidal (1012), (1013) Basal (0002) and prism 
(1010), (1210) 
hcp Second -order pyramidal Basal, Prism, and first- 
(2021), (1122) order pyramidal (1012), 
(1013) 
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2.6 Synchrotron X-ray radiation 
Laboratory X-ray diffraction is the most popular conventional diffraction method for 
investigating surface stress; on the other hand, development of the neutron 
diffraction technique has given scientists the opportunity to measure residual stress 
deep inside the material non-destructively. These two techniques are used widely as 
complementary techniques to map the strain and stress in a sample. But, both these 
techniques have their limitations, for example, neutrons have low intensity which 
gives slow counting rates and also with neutrons it is difficult to achieve very high 
spatial resolution (not less than lmm), whereas X-ray can only measure surface 
stress. With the advancement of technology and to meet the new challenges of 
complex research activities, scientists and engineers around the world have been 
looking for something which would enable them to achieve both in one go, that is - 
good resolution as well as fast counting time. The development of 3rd generation 
synchrotron source [2.55] such as ESRF (in Grenoble, France) has given scientists 
many new opportunities, where measurements can be made in seconds rather than 
minutes together with a very high spatial resolution (down to 1, um ). Synchrotron X- 
ray intensities are millions of times greater than that of conventional X-rays. The 
combination of high spatial resolution along with fast counting time, has opened up 
the opportunity to the scientific community to explore many areas which were earlier 
thought to be impossible to investigate. 
52 
Chapter 2 
2.6.1 Production of synchrotron X- ray 
High energy synchrotron X-rays are produced by accelerating bunches of electrons 
circulating at a very high velocity, close to the speed of light [2.56-2.58]. 
Synchrotron X-ray radiation at the ESRF is generated in a polygon shaped electronic 
storage ring (figure 2.14). The electrons path is controlled by passing them through 
dipole magnets or through a number of periodically arranged magnets, called 
insertion devices. Dipole magnets give angular motion to the electron, enabling the 
acceleration of the electron from one straight section to another. The loss of energy 
of the electron beam in the storage ring is compensated by RF (radio frequency) 
cavities. Bending magnets produces a white beam (a wide range of wavelength) of 
Electron in] 
U 
imline 
Figure 2.14: Schematic diagram of synchrotron radiation storage ring [2.56]. 
X-rays in the medium energy range (<40 keV), whereas insertion devices produce 
high energy (>80 keV) X-rays of fixed wavelength depending on the geometry of the 
undulator [2.56]. 
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2.6.2 Basic principle of synchrotron X-ray diffraction 
Like the other diffraction techniques, synchrotron X-ray diffraction also exploits 
Bragg's law to determine the interplanar lattice spacing. From the relationship 
between X-ray energy and wavelength we know that, 
E=hcl2 
Where h is Planck's constant and c is the speed of light. This leads to: 
A. =12.4/E 
(2.24) 
(2.25) 
Where the units of E and A are in keV and A respectively. At the ESRF, maximum 
energy (E) can be obtained as high as 300 keV, starting from 40 keV. Use of higher 
energy increases the penetration inside the material as well as reducing counting 
times. However, higher energies result in short wavelengths (from equation 2.25), 
which essentially means a small diffraction angle, resulting in an elongated gauge 
volume. The schematic diagram of typical gauge volume observed in the synchrotron 
diffraction is shown in figure 2.15. The dimensions of the long diagonal, DL, is equal 
to (L; /sing) and the dimensions of short diagonal, DS, is equal to (Ld /cos0), where 
L; is the vertical opening of the incident slit and Ld is the vertical opening of the 
diffracted slit (figure 2.15). It is also reported in the literature that in case of 
aluminium, using higher energies of 80 keV (9 = 2°) elongates the gauge length to 
about 14 times the aperture width, while the use of relatively low energy of 15 keV 
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slit 
Figure 2.15: Typical gauge dimensions observed in synchrotron X-ray diffraction. 
(8 =100) elongates the gauge length only 3 times the aperture width [2.59]. Due to 
these characteristics of the synchrotron source, it is possible to measure in-plane 
stresses in relatively thick specimens using transmission geometry, while it is almost 
impossible to measure strain in the normal direction due to greatly increased path 
lengths at low diffraction angles. High penetration can be obtained in the 
transmission geometry as the path length as the diffraction path length inside the 
material remains the same for all points through the thickness. However, in the 
reflection geometry (normal direction measurement), the path length (2x 
depth/sin B) starts to increase rapidly with the increase in depth of measurement. 
2.6.3 Stress measurement using synchrotron X-ray diffraction 
At present there are three different methods available to measure stress using the 
synchrotron X-ray diffraction method [2.60]. These methods are: I) Traditional 0 /20 
scanning in reflection or transmission geometry (figure 2.16 a), II) use of high- 
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energy photons in transmission method with a CCD detector (figure 2.16 b), III) use 
of white beam using energy sensitive detectors (figure 2.16 c). 
jot 
2º' scanning 
? r, 
(b) 1º 
i -0 
Low angle (ransmrs5 wr 
cco! 1 
Energy lisparsiv& 
Figure 2.16: Schematic diagram of three different strain measurement geometries and the 
diffraction spectrum obtained from theses measurements [2.60]. 
2.6.3.1 Traditional 0 /20 scanning 
This technique uses the same principles as conventional X-ray diffraction. The only 
difference is that, in the case of synchrotron X-ray diffraction very small scattering 
angles are used due to the high X-ray energies. As already stated in the previous 
section, high penetration can be obtained in transmission geometry while it is 
difficult to make measurements inside the material in the reflection geometry. Thus, 
reflection geometry is restricted to measurement of surface stress only. It is worth 
mentioning that surface measurement can also be influenced by a pseudo-strain 
effect due the problem of partial filling of the gauge volume which is a known 
problem in neutron diffraction [2.61]. However, it has been reported that the use of 
an analyser crystal in front of the detector has been proved to be very effective in 
solving the pseudo-strain problem [2.60]. 
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2.6.3.2 Transmission method using 2-D detector 
In this method, high-energy synchrotron X-rays are focused on the sample and the 
diffracted beam is detected in transmission mode using CCD detectors [2.60]. CCD 
detectors ensure very fast data collection in 2D diffraction mode, similar to that 
observed in using a Debye-Scherrer camera. A typical diffraction pattern recorded at 
the IDI I (B) beamline at the ESRF is shown in figure 2.17. By controlling the 
Counts 
c 
AI-311 
AI-222 
AI-220 
255 
128 
0 
Figure 2.17: A typical diffraction image of Al-5091 in CCD detector at ID11(B) 
beamline at the ESRF facility. 
incident apertures it is possible to achieve very high lateral resolution, as low as 10 x 
10 »m`. It has to be ensured that the distance between the diffraction volume and 
CCD detectors remains the same throughout the experiment, as a slight change in 
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this distance will lead to an apparent strain. This instrument is very useful for stress 
mapping of very fine-grained samples due to the high spatial resolution that can be 
achieved from this instrument. 
2.6.3.3 Use of white beam using energy sensitive detectors 
In this technique, a high energy (ranging from 40 to 300 keV) white beam is incident 
on the sample and the transmitted beam is detected in two photoconductive solid 
state X-ray detectors placed at small diffraction angle (20 = 50 to 8°), one 
horizontally and one vertically offset, allowing measurement to be carried out in two 
perpendicular directions at the same time [2.60,2.62]. The incident beam is defined 
by horizontal and vertical slits. The diffracted beam is defined by a pair of static 
horizontal slits, one close to the sample and the other one close to the detector. 
2 theta (deg) 
Figure 2.18: Typical diffraction spectrum obtained in the 1D 15 (A ) beamline at the 
ESRF facility. 
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Unlike the angular dispersive mode, in this case diffraction spectrum of intensity is 
obtained as a function of photon energy. Using this technique very high spatial 
resolution (as low as 20 x 20 µm2) can be obtained. This technique is very useful for 
the study of multiphase materials as well as materials with very small grain size. A 
typical diffraction spectrum recorded at ID15 (A) beamline at the ESRF facility is 
shown in figure 2.18. As it is evident from the figure that the diffraction profile 
consist of several peak, the profile can be fitted using Pawley type fitting routine 
typically used to fit the diffraction spectrum from pulsed neutron source as discussed 
in the previous section [2.62]. 
2.7 Comparative study of depth capabilities of 
different source 
Maximum penetration of these different sources into the material is dependent on the 
type of radiation, flux of the radiation and the property of the material under 
investigation. It has been observed from experiments that when a beam with intensity 
1o passes through a material of thickness x, the intensity drops compared to the 
initial intensity and the final intensity can be given by the following: 
Ix = I0. e-x (2.26) 
Where p is the linear attenuation co-efficient of the material. Equation 2.26 can be 
modified by incorporating density of the material and is given by: 
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Ix =1oe ' (2.27) 
Where is termed mass absorption coefficient and p is the density of the 
P 
material. The value of mass absorption co-efficient for different material for a given 
radiation can be found from the literature [2.63]. 
The penetrability of different radiation can also be expressed in an alternative 
ways, which is by using the concept of attenuation length (1,, ). The attenuation 
length can be defined as the length in a material that will attenuate 63% of the 
incident beam. Attenuation lengths for 63% attenuation for different radiation 
sources in different material are presented in table 2.2 [2.64]. It is evident from the 
table that commonly used laboratory X-rays cannot penetrate far inside the material 
and, thus, are restricted to surface only. Synchrotron radiation can measure 39 mm 
deep inside the aluminium using 150 keV energy in ID 15 (A) beamline, whereas 
neutron has the highest penetrating power inside the bulk material (almost 100 mm 
inside the Al) allowing measurement to be carried out in very large samples with 
complex geometries. This is mainly due to the fact that the neutron particles are 
neutral or charge less and interact with the material very weakly, allowing much 
more penetration than synchrotron X-ray. However, synchrotron X-ray sources can 
generate much higher flux than the neutron sources that gives synchrotron the 
advantage of being able to measure faster than the neutron. Besides these factors 
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Table 2.2: Table of attenuation lengths (mm) to 63% attenuation for neutrons, and 
synchrotron X-ray and laboratory X-rays [2.64]. 
Approximate attenuation length (I,, ) (mm) 
Energy 
(keV) 
Wavelength 
(A ) 
Al Ti Fe 
Thermal neutrons 2.5 x 10" 1.80 96 18 8 
ID 15 (ESRF) 150 0.08 39 14 7 
ID 31 (ESRF) 60 0.21 13 3 1.1 
ID 11 (ESRF) 49 0.25 10 2 0.7 
BM16 (ESRF) 38 0.32 6.5 1 0.4 
16.3 SRS 31 0.40 3.3 0.5 0.16 
Laboratory -X ray 
(Cu Ka) 
8.05 1.54 0.076 0.011 0.004 
measurement depth inside a material is also influenced by the background level [2.8, 
2.33]. However, it is worth mentioning that if measurement is important then it is 
possible to investigate more than 63% attenuation length by increasing the energy 
level or the measurement time. For example, measurements of 25 mm thick (4 times 
more than 63% attenuation length as mentioned in table 2.2) stainless steel sample 
have been reported [2.62] at the ID15 (A) beamline with the increase of higher 
energy (300 keV). More recently, through the thickness of 35 mm stainless steel (5 
times more than the 63% attenuation length) has been successfully measured at the 
ESRF facility by The Open University Structural Integrity Research Group [2.65]. A 
detailed study regarding the depth capabilities of neuron and synchrotron sources in 
different material and the interrelated issues has been carried out by Withers [2.33], 
where he also discussed about the economically feasible path length for different 
sources in different material. Therefore, before applying for beamtime in different 
facilities it is crucial to have proper understanding of the sample property and the 
maximum depth needed to be measured. 
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2.8 Summary 
Detailed discussions have been done on the use of X-ray, neutron and synchrotron X- 
ray diffraction technique in residual stress measurement. Furthermore, the problems 
associated with these measurement techniques and the various other aspects related 
to these techniques along with their advantages and disadvantages has been reviewed 
in this chapter. 
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The effect of residual stress on the material 
performance 
This chapter consists of two parts; the first part reviews the fundamental concept of 
fatigue crack growth, crack closure mechanisms and the effect of residual stress on 
fatigue crack growth; and the second part discusses the different aspects of the 
development of welding residual stress which is followed by a review of residual 
stress distribution in different alloys joined with different welding techniques. 
3.1 Effect of residual stress on fatigue crack growth 
3.1.1 Fatigue crack growth phenomenon 
Fatigue crack growth can be defined as the propagation of a crack under the 
condition of dynamic or fluctuating loading. The fatigue life of a component can be 
divided into three different stages: (a) crack initiation stage, when a crack is initiated 
from a defect or a region of high stress concentration; (b) crack growth stage, where 
the crack grows in incremental steps with each stress cycle; and finally (c) fracture or 
final failure occurs very rapidly when the crack reaches a critical value. In practice, 
the fatigue life of a component, which is often referred to as the number of cycles to 
failure (N f), is estimated by the summation of the number of cycles for crack 
initiation (Ni) and the number of cycles for the crack propagation (Np); that is: 
Nf = N; +Np (3.1) 
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The contribution of final failure is normally ignored in the above relation as it occurs 
very fast. In the case of high cycle fatigue (low stress), a large portion of fatigue life 
is consumed during the crack initiation stage. In the case of low cycle fatigue (high 
stress), crack initiation takes place relatively quickly and the fatigue crack 
propagation consumes most of the fatigue life [3.1]. 
In practice, crack growth rate is controlled by a parameter called the stress intensity 
factor range, O/C , which can be described by 
[3.11 : 
AK = Kmax -K ntin (3.2) 
Where K.. and K are maximum and minimum stress intensity factor at the crack 
tip in a constant amplitude fatigue cycle and will be defined in next section. 
3.1.2 Stresses at the crack tip 
Once a crack is initiated, the fatigue crack growth events will be governed by the 
local crack tip stresses. Thus, it is important to understand the relation between the 
remotely applied stress and the local crack tip stress and the events that are taking 
place at the crack tip. The crack tip stress field is described by a parameter termed 
the stress intensity factor (K ). The stress intensity factor describes the local stress 
distribution in front of a crack tip and relates the local crack tip stresses as a function 
of applied stress. Depending upon the mode of deformation (mode-I, mode-II and 
mode-III) (figure 3.1), stress intensity factor values are referred to K, , K and 
K,,, . 
The current discussion will be concentrated on crack tip stress events under mode I 
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Figure 3.1: Three basic modes of loading that can be applied to a crack. 
loading, where load is applied to the direction perpendicular to the crack surface, as 
majority of the crack occurs under mode-I loading. According to the LEFM (linear 
elastic fracture mechanics) approach, the stress intensity factor in front of a crack tip 
in mode-I loading is defined by the following equation: 
K, =ß(a/W)o/ (3.3) 
Where a is the applied stress, a is the crack length, W is the width of the specimen 
and 8(a I W) is function of specimen and crack geometry. The crack tip stresses can 
he calculated using the following equation: 
Qr; (r, 0)= . 
f(8)---+---+---+---+--- (3.4) 727 
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Where Q; j is the stress tensor acting at a position (r, 0) from the crack tip and f1 is 
a dimensionless geometry function. Pioneering work on this was carried out by 
6xx 
Figure 3.2: Definition of co-ordinate axis of crack tip stress in an infinite body. The 
z axis is perpendicular to the plane of the diagram. 
Westergaard [3.2], Irwin [3.3], Sneddon [3.4] and Williams [3.5] and many closed 
form solutions have since been derived. The complete form of stress in front of a 
crack tip at a distance (r, 0) under mode-I loading is given by the following 
equations: 
cost - 11- sin1 - sin1 
0I 
(3.5) 72 
, i, _ cos 
ý) 
l+ sin' - sin1 - (3.6) 
m2 
10 plane stress 
" v(6r, +a,,. ), plane strain 
(3.7) 
T, ýSzr cos(ý)sinI-Icos(30) (3.8) 2 
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For the case of, 0=0 (at the crack plane), the shear stress, z,, is zero. At the crack 
plane (0 = 0), the stress value can be calculated to be: 
K, 
Qxx =a - 
271 
(3.9) 
ingularity Equation 3.9 is only valid very near to the crack tip where the 
YVrr- 
s 
dominates the stress field and this region is also termed the K-dominant zone or `K- 
field'. Now, in the region very close to the crack tip the value of r is very small. 
Therefore, in the region very close to the crack tip, where r -- ) 0, the stress value 
becomes infinity (from equation 3.9). But, practically, this is unrealistic, as when the 
stress goes beyond the yield stress, the material yields and plastic deformation takes 
place in a small region very near to the crack tip, which is known as the plastic zone. 
The thickness of this plastic zone can be estimated using a plane stress and plane 
strain assumption, with the condition that all the material subjected to stress more 
than the yield stress (a,, ) will be plastically deformed, under the consideration of 
linear elastic fracture mechanics. In case of plane stress condition (ßµ = 0) material 
will yield when or, =orys of the material, as according to Tresca criteria, yielding 
begins when the difference between the maximum and minimum principal stresses is 
equal to the yield stress. The plane stress plastic zone size, rp , can be calculated 
using the following equation: 
2 
1 K, 
rP=- 
2n Qrs 
(3.10) 
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However, in reality the plastic zone size is found to be twice the value calculated 
using the equation 3.10. The reason behind this is the redistribution of that portion of 
the stress field that exceeds o', , which effectively enlarges the size of the 
(a) 
Plastic zone 
(b) 
Figure 3.3: Crack tip stress distribution in (a) plane strain and (h) plane stress 
condition. 
plastic zone [3.6]. Taking this stress redistribution into account, the plastic zone size 
has been modified by Irwin [3.7] using a force balance equilibrium condition and 
was calculated to be : 
rP =2IK, _1 
ýKj Z 
27r cr )r oY. s 
(3.11) 
73 
Plastic x, r 1 
zone 
Chapter 3 
In the case of plane strain, o'µ - 0, the contraction in the thickness direction is 
restricted by the thicker material in the normal direction. Subsequently, using the 
Tresca yield criterion, it is estimated that in the plane strain condition plastic 
deformation will take place when ati,,, = 3o . The plastic zone size in plane strain 
has been calculated by McClintock and Irwin [3.8] to be three times smaller than the 
plane stress plastic zone and is given by the following equation: 
2 1 K, 
r1, =- 6)r O'rs 
(3.12) 
The crack tip stress distribution and the plastic zone sizes under monotonic loading 
in plane stress and plane strain conditions are shown in figure 3.3 (a and b). 
3.1.3 General fatigue crack growth behaviour of metallic material 
The rate of fatigue crack growth in a material is described by increase in crack length 
per load cycle, da / dN , and the fatigue crack growth behaviour in a metal is typically 
represented as a log dal dN versus log AK plot, which is represented schematically 
in figure 3.4. The sigmoidal curve is usually subdivided into three distinct regions, 
with a linear portion in the middle (region II) while the beginning (region I) and end 
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Region I Region II Region III 
Fracture 
m 
AKh Log AK 
Figure 3.4: Stages of fatigue crack growth (by Ritchie [3.91). 
portion (region III) of the curve deviates from the linear trend. The first portion of 
the curve demonstrates very slow crack growth and there is no growth below a 
certain threshold OK (AK, h) value. The crack growth 
in this region is influenced by 
microstructure and environmental effects [3.10]. When plastic zone size in front of 
the crack tip is smaller than the grain size, the crack growth proceeds by a (stage I) 
single shear decohesion mechanism associated with mode I and mode II 
displacements [3.11]. 
The transition from region I to region II takes place when the plastic zone 
size in front of crack tip becomes larger than the grain size [3.12,313]. The crack 
growth in this region is not a strong function of microstructure, which is mainly due 
to the fact that in this region fatigue growth is controlled by cyclic flow properties 
rather than monotonic tensile properties. Further, crack growth in region II proceeds 
by successive increments by each loading cycle producing striations on the fracture 
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surface and follows a straight path, indicating a constant and steady crack growth 
rate [3.13]. Considerable research has been conducted to predict the crack growth in 
region II. Paris and Erdogan [3.14] were first to propose a law, widely known as the 
Paris law, describing region II crack growth, which can be described by the 
following power law: 
da 
= COK' dN 
(3.13) 
Taking logarithms of the above equation gives, 
logt dN) =1ogC+mlogOK (3.14) 
C and m are material constants which can be calculated experimentally. Plotting the 
experimental values of log 
da 
vs log OK , results in a similar 
diagram as shown in 
(dN 
figure 3.4. For most engineering materials the value of m, often referred as Paris 
slope, lies between 2 to 4. Although, the Paris Law (equation 3.13) can describe the 
crack growth relationship in region II, it is unable to describe the crack growth 
behaviour in region I and region III. Further, this law does not take account of the 
effect of R ratio (ratio of minimum and maximum stress intensity factor). Later on, 
Forman [3.15] proposed a relationship which can describe region II and region III 
crack growth behaviour, which also takes the effect of R ratio into account. This 
relation can be described by the following equation: 
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da 
_ 
COKm 
(3.15) 
dN (1-R)K, -MC 
Where K. is the fracture toughness of the material. 
In region III, a non linear and accelerated fatigue crack growth is observed 
which eventually leads to failure of the component when K. X reaches the 
fracture 
toughness (Kc ) of the material. 
3.1.4 Effect of crack closure on fatigue crack growth 
Crack closure is a mechanism by which both the crack faces come into contact as a 
result of which fatigue crack growth rate reduces as the effective stress intensity 
range (AK) is reduced. This effect was first discovered by Elber [3.15], when he 
found that crack faces can still be closed whilst under a low level of applied tensile 
load. According to Elber, when a cyclic load is applied to a specimen, the crack faces 
only open when the value of stress intensity factor reaches a value K0 9 which is the 
Kmax 
K, 
p 
K 
min 
Time 
Figure 3.5: Definition of effective stress intensity range. 
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stress intensity factor at which the crack opens (figure 3.5). Elber assumed that the 
portion of the load cycle below K0D does not contribute to the fatigue crack growth. 
He also redefined the Paris law by the following equation: 
da 
= COK ' (3.16) dN eff 
Where AKeff = K,,, x - 
Kop 
Since Elber's study, much research has been carried out to study the crack closure 
effect in different materials and the underlying mechanism associated with it [3.17- 
3.191. It is now an established fact that crack closure plays a significant part in 
fatigue crack growth, however, a lot of research is still undergoing to understand the 
mechanism of crack closure. The important crack closure mechanisms are reviewed 
in the following paragraphs. 
Plasticity induced closure develops due to the development of compressive 
residual stresses in the plastic wake [3.16]. During the propagation of the fatigue 
crack, the monotonic plastic zone created in front of a crack tip when it is loaded. As 
a result there will be a band of material adjacent to the crack flanks left behind and as 
a result a region of stretched material is created all along the crack and behind the 
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Plastic wake 
Crack 
Plastic wake 
Figure 3.6: Mechanism of plasticity induced crack closure. 
crack tip, which is known as a plastic wake. The plastic wake region experiences a 
compressive force (figure 3.6), which closes the two faces of the crack, by the 
surrounding elastic material when the component is unloaded or at a lower level of 
load. Elber's original work on crack closure was attributed to plasticity induced 
closure. Later, Budiansky and Hutchinson [3.20-3.22] demonstrated the effect of 
plasticity on crack closure. In recent years much research has been carried out to 
study the plasticity induced crack closure using finite element analysis [3.23-3.26]. 
Roughness induced closure is a phenomenon mainly influenced by the 
microstrutural properties of material [3.271. A crack growing under mode I loading 
condition, often deviates from the mode I plane and follows a mode 11 or mode III 
path (figure 3.7) due to the deflection of the crack, which occurs due to 
microstructural heterogeneity [3.28]. As a result of this, a mismatch occurs between 
the two faces of the crack leading to crack closure. It has been observed that a coarse 
grained material is likely to produce a higher degree of crack closure which is caused 
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Mode II 
displacement 
Figure 3.7: Roughness induced crack closure. 
by a higher surface roughness [3.27]. One of the important characteristics of 
roughness induced closure is that unlike the plasticity induced closure the 
compressive stresses behind the crack occurs at discrete locations [3.29]. 
Oxide-induced crack closure occurs due to the formation of an oxide layer 
on the crack surface, particularly when the material is exposed to a corrosive 
environment. These layers also enhance the effect of already present roughness 
induced crack closure. This mechanism was first postulated by Ritchie [3.30] and 
Oxide 
debris 
Figure 3.8: Oxide-induced crack-closure. 
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later further work was carried out by Suresh [3.31,3.32] on the crack growth rate 
behaviour in different environments. 
In this project, the synchrotron diffraction technique has been employed to 
understand the crack tip and crack wakes strain and stress field behaviour in fatigued 
and overloaded sample under loaded and unloaded condition, which would allow us 
to understand the events occurring around the crack tip and give us some idea 
regarding crack closure phenomenon. 
3.1.5 Crack tip stress field under fatigue loading 
When constant amplitude fatigue loading is applied, the monotonic plastic zone 
created on loading in front of a crack tip experiences a compressive force by the 
surrounding elastic material when the material is unloaded. This produces a 
compressive residual stress within the plastic zone at the crack tip, which will 
eventually yield in compression when the yield stress is reached. Thus, under 
constant amplitude fatigue loading a small plastic zone is created in front of a crack 
tip, due to the repeated yielding in tension and compression. This region of plastic 
zone is often referred to as the `reverse plastic zone' or `cyclic plastic zone' (figure 
3.9). This reverse plastic zone is a small region created within the monotonic plastic 
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Figure 3.9: Crack tip stress field under fatigue loading condition. 
zone and the radius of it has been calculated by Rice [3.331 and is given by the 
following equation: 
I AK 
26rs 
(3.17) 
For KnI;. =0, the cyclic plastic zone is predicted to be four times smaller (rr = 
rP 
4 
than the monotonic plastic zone. 
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3.1.6 Effect of an overload on fatigue crack growth 
The fatigue crack growth rate in constant amplitude loading can be described by 
AK and R (K ,,,;, 
/K. ) , as the crack tip stresses are dependent only on these 
parameters [3.34-3.36]. However, this situation will no longer be the same for the 
case of variable amplitude loading, where the previous loading history has a 
significant influence on the crack tip stresses. For instance, if a fatigue crack growing 
under constant amplitude loading is subjected to an overload [3.37,3.38], a short 
acceleration followed by a pronounced decrease of fatigue crack growth is observed 
immediately after the application of the overload. This is due to the fact that the 
application of a overload produces significant compressive stress in front of the crack 
tip. It has been suggested that once the crack passes through the overloaded residual 
stress field, the normal crack growth is restored [3.39,3.40]. The crack growth 
retardation following an overload is a complex phenomenon, and a lot of research 
has been carried out to understand the underlying mechanism, however, no 
consensus has yet been achieved in this regard. A considerable number of models 
have been constructed using numerical and mathematical approaches to predict the 
retardation phenomenon [3.41-3.43]. Some models assume that the crack closure is 
mainly responsible for the retardation phenomenon. On the other hand, other models 
have been constructed assuming that the crack tip plastic zone size is increased due 
to the overload, which in turn increases the compressive residual stress when the 
material is unloaded [3.44]. In this current work an attempt has been made to study 
the crack tip strain and stress field behaviour in an overloaded sample under the 
loaded and unloaded condition with the use of synchrotron X-ray diffraction 
technique (chapter 4). 
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3.1.7 Measurement of crack tip stress fields using diffraction 
techniques 
Many empirical models have been established to predict the behaviour of crack tip 
strain and stress fields and fatigue crack growth behaviour under constant amplitude 
loading. However, in practice, most components or structures experience variable 
amplitude fatigue loading during most of their fatigue life. The crack tip strain and 
stress field and the fatigue crack growth phenomenon under variable amplitude 
loading are complicated and difficult to model without having reliable experimental 
data. To study this complicated phenomenon, it is important to understand the crack 
tip strain and stress field under in-situ loading conditions with knowledge of the 
loading history (prior plastic deformation). Thus, to construct a reliable fatigue life 
prediction model it is important to be able to measure the local crack- tip strain and 
stress field under different loading conditions. 
The X-ray and neutron diffraction techniques have been widely used to 
measure strain and stress fields non-destructively and can be used to measure local 
crack tip strain and stress field in polycrystalline samples. Although neutron 
diffraction has become very popular due to its excellent penetrability inside 
materials, use of this technique is limited in this sort of application where very high 
spatial resolution is required due to the very high strain gradient near the crack tip. In 
many occasions, the conventional laboratory X-ray diffraction technique has been 
employed to study crack tip strain and stress fields [3.45-3.47]. But the limitation 
with this technique is its inability to measure stresses below the surface, which 
means stresses can only be calculated in a plane stress condition. Therefore, 
measuring the local crack tip strain and stress field inside a bulk material has always 
been a challenge for researchers. The recent development of 3rd generation 
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synchrotron X-ray sources, which provide high penetration together with very good 
spatial resolution (details of which have been discussed in chapter 2), has opened up 
the possibility of measuring the crack tip strain and stress field inside the bulk of a 
polycrystalline sample. In this current project, the synchrotron X-ray diffraction 
technique has been successfully used to map the strain and stress field ahead of a 
fatigue crack under in-situ loading condition inside a bulk material which will be 
discussed in details in chapter 4. Some of the previous work related to this project is 
reviewed in the following paragraphs. 
Allison [3.45] studied the crack tip strain and stress profile under the 
application of different overloads and applied loads in a compact tension 1045 steel 
specimen using conventional X-ray diffraction. Measurements were made along the 
crack plane on the surface of the sample. Allison observed the presence of residual 
compressive stress in front of the crack tip. He also reported the increase of the 
extent of this compressive zone with the application of applied overloading. 
Wang et al [3.47] carried out FE analysis and X-ray diffraction on the surface 
of a low-alloy high-strength structural steel to study the residual stress effect on 
fatigue crack growth under constant amplitude fatigue in mode-I loading condition. 
They have reported that the compressive stress or the crack closure effect at the 
surface do not have any influence on the residual stress distribution ahead of the 
crack tip and thus on the fatigue crack growth. 
Ramos et al [3.46] studied the crack tip stress field to investigate the effect of 
single and multiple overloading. The measurement was carried out on the surface of 
a low carbon steel CT specimen using the X-ray diffraction technique. The 
experiment was performed along the crack plane using the beam size of 1 mm2 area 
and a surface sampling depth of 101#n. The result showed that the compressive 
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stresses in the vicinity of the crack tip increases with the increase of overload, which 
slows down the fatigue crack growth resulting in increase of the fatigue life of the 
component. 
James et al [3.48] have studied the crack tip strain and stress field in a fatigue 
cracked CT-geometry aluminium alloy specimen using synchrotron X-ray 
diffraction. 
More recently, Croft et al [3.49] has studied the strain profile around fatigue cracks 
in 4140 steel specimen using energy dispersive X-ray diffraction technique. He 
observed a compressive strain region along the crack wake which was independent 
of loading condition. Thus, he ruled out the effect of crack face contact interaction in 
generating the compressive strain and instead suggested that the anisotropic strain in 
the plastic wake is responsible for this. Further, he studied the crack tip strain field in 
fatigued, fatigued-overloaded and fatigued-overloaded fatigued condition of the 
sample. A significant compressive strain at the crack tip of the overloaded sample 
has also been reported in his work. 
3.1.8 Effect of residual stress on fatigue crack growth behaviour 
It is a well established fact that the fatigue resistance of a material can be altered due 
to the presence of residual stress. A lot of research work has been carried out in this 
regard and plenty of literature are available covering the effect of different kind of 
residual stresses on the fatigue life in different material systems [3.50-3.52]. Before 
predicting the fatigue crack growth it is important to know whether the component 
under consideration is uncracked; in that case the maximum portion of the fatigue 
life will be taken up by the crack initiation; or cracked, in which case the fatigue life 
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will be controlled by crack propagation. Thus, delaying crack initiation by deliberate 
introduction of compressive stress has become common practice and a wide range of 
work has been carried out by many researchers on the beneficial effects of these 
compressive stresses [3.53-3.55]. However, as most engineering components contain 
small cracks or defects, the current discussions will be mostly concentrated on the 
effect of residual stress on a growing crack. 
Generally residual stresses, generated during a manufacturing process or any other 
heat treatment process, are simply superimposed as a mean stress (ßm) with the 
dynamic stresses or static loading. 
The effect of residual stress on the fatigue life can be studied using two different 
approaches; a) applying the principle of superposition of the respective stress 
intensity factor for the applied stress and the residual stress and b) using a simplified 
crack closure model. 
The superposition principle in the presence of residual stress can be expressed by the 
following equation: 
Kell = Knm + Kres (3.18) 
Where Kres is the residual stress intensity factor. To understand the effect of residual 
stress on the fatigue crack growth, the effect of Kres on OK has to be investigated. 
Depending on the nature of the residual stress, OKeff can be calculated using the 
following equations: 
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A. Keff 
ReK ö+ 
K 
res K 
min 
+K 
res 
!ý0 (3.19) 
OKeff =Kn -Karin =AK 
R_K,  + 
Kres K, 
ni + 
Kres >0 (3.20) 
e Kmax + Kres 
Figure 3.10 (a and b) shows the effect of tensile and compressive residual stress 
on AK. It is clearly evident that AKeff does not get affected and is equal toAKppp , 
when the residual stress is tensile. However, in this case the value of Ref is changed. 
The fatigue crack growth in this situation is predicted by Forman's equation 
(equation 3.7). 
On the other hand, if the residual stress is compressive enough (R = 0) so 
that K, m + Kres <_ 0, the crack remains closed for some part of the fatigue cycle and 
the fatigue crack growth rate is reduced. In this case, fatigue crack growth can be 
predicted by the Paris Law, which does not account for the R effect. Furthermore, if 
the compressive stress is high enough so that, AKe , <_ MKth , the 
fatigue crack growth 
is completely retarded. 
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Figure 3.10: Effective stress intensity factor for applied loading in case of (a) tensile 
Kren and (b) compressive Kies. 
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Thus, to be able to predict the accurate fatigue life, it is imperative to be able 
to calculate KCeS values properly. However, the success of these methods depends on 
the accuracy of the determination of the exact residual stress field accompanying 
crack growth. It has been observed that a crack growing through compressive stress 
shows an expected retardation in growth rate, but it does not show the expected crack 
growth acceleration when it reaches the area of material where tensile residual stress 
is present [3.52]. This phenomenon can only be attributed to the relaxation and 
redistribution of residual stresses due to the fatigue crack growth, some of which is 
associated with crack tip plasticity. Therefore, in a case where a fatigue crack has 
already begun to grow, an analysis based on the elastic residual stress distribution 
present in the component prior to the fatigue crack growth will almost certainly lead 
to a non-conservative life approach [3.56]. Further, the relaxation of micro and 
macro residual stress field has been reported in stress controlled fatigue specimen 
[3.57], which indicates about the high possibility of residual stress redistribution in a 
long cracked specimen due to the relaxation of stress in front of crack tip. In this 
current work, investigation has been carried out to study the residual stress 
redistribution phenomenon due to the growth of a fatigue crack in a welded Al-alloy 
specimen. 
3.2 Weld residual stresses 
3.2.1 Generation of welding residual stress 
Residual stresses in a weld mainly arise due to the inhomogeneous temperature field 
between the heated zone and the colder zone of the material [3.58]. During the 
welding process, the area close to the weld is heated up rapidly which in turn causes 
90 
Chapter 3 
a volume expansion of the heated material. This volume expansion is restricted by 
the surrounding colder material giving rise to an elastic thermal stress. Consequently, 
the thermal stresses may reach the plastic limit and the material yields locally. 
Subsequently, contraction of the heated weld metal takes place during solidification, 
which is hindered by the surrounding colder material. This results in a tensile 
residual stress near the weld region and a counterbalancing compressive stress in the 
surrounding region. However, the welding residual stress pattern does not remain the 
same in those cases where during cooling phase transformation for example, 
transformation of austenite into martensite, bainite or pearlite takes place [3.59, 
3.60]. These phase transformations are associated with a volume expansion which in 
turn is hindered by the surrounding materials, producing a compressive residual 
stress. Thus, during phase transformation the compressive stress generated during 
hindered volume expansion are superimposed on the tensile stresses developed as a 
result of hindered shrinkage. A lot of work has been carried out on the phase 
transformation compressive stresses associated with austenite to bainite or 
martensitic transformation and can be found in the literature [3.61,3.621. Typical 
welding residual stress distribution pattern in different alloys is presented in figure 
3.11. It is evident from the figure 3.11, that mild steel and low alloy steel follows the 
general trends with tensile stress in the weld centre which is balanced by 
compressive stresses on both sides of the weld. 
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Figure 3.11: Typical weld-longitudinal residual stress profile in (a) mild steel, (b) 
aluminium alloys and (c) high alloy structural steel with ferritic filler 
metal. 
Aluminium alloys show almost the similar kind of distribution except the fact 
that a narrow depression region is observed in the weld centre [3.63,3.64]. In the 
case of high alloy steel a compressive region is observed in the weld centre, which is 
effectively the effect of phase transformation stress. 
The nature and magnitude of the residual stress is mainly dependent on the 
level of restraint [3.65] of the weld metal together with the transformation 
temperature [3.58]. Initially, it was reported that the level of the restraint was 
dependent on the size of the weld pool but later on further investigation has proved 
the previous assumption wrong and suggested that the grade of restraint is dependent 
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on the ratio between the area of heated zone and cooled zone [3.61] of the 
component. In addition, the cooling rate also has a significant impact on the residual 
stress, as a slower cooling rate lowers the tensile residual stress as the level of 
restraint is reduced in this situation whereas a higher cooling rate tends to increase 
the tensile residual stress due to higher restraint [3.58]. Besides these factors, heat 
input during welding, which is dependent on welding current, welding speed and 
welding voltage, also have substantial influence on the residual stress field. 
In many occasions post weld heat treatment is carried out to reduce welding residual 
stress. But post weld heat treatment can not be employed in all cases as it can cause 
microstructural change [3.66]. Therefore, it is almost impossible to construct a 
welded component free of residual stress. Thus, to be able to predict the component 
life accurately it is important to have knowledge of residual stress. 
3.2.2 A review of weld residual stress distribution 
It is a well-established fact that residual stress generated during welding can increase 
the stress corrosion cracking, brittle fracture and cold cracking of a component 
[3.61]. It has a detrimental effect on the fatigue strength of a material as well as on 
the fracture toughness of welded steels. Numerous researches have been carried out 
in previous years and many investigations are in progress to study the weld residual 
stress distribution in different alloys and the effect of theses stresses on the fatigue 
life of the component. Some of the previous work is reviewed in the following 
paragraph. 
Acceleration of fatigue crack growth due to the presence of tensile residual 
stress in a 316H austenitic stainless steel has been reported by Spindler and Cotton 
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[3.67]. Work by Itatani et al [3.68] has demonstrated that the crack growth rate in the 
HAZ of a 304 stainless steel is reduced due to the presence of compressive residual 
stress. In small diameter socket welded pipe joints, the compressive stress is reported 
near the toe while tensile stress is observed near the root, prompting the crack 
initiation from the root [3.69]. In many applications, post weld heat treatment is 
carried out to reduce the residual stresses. Complete removal of residual stresses by 
heat treatment has been reported in a work by Takashasi et al [3.70]. 
To quantify the effect of these weld residual stresses on the resistance to 
failure of components, it is important to know the residual stress distribution and 
their magnitude accurately. Although many techniques, such as hole drilling, slicing, 
X-ray diffraction, have been available for a long time to measure these stresses, in 
the last two decades the neutron diffraction technique has become most popular to 
investigate weld residual stress due to its ability to measure stresses non- 
destructively inside the bulk material. Numerous investigations have been carried out 
using neutron diffraction to measure the weld stresses in pipes [3.71-3.73], rails 
[3.74] and welded blocks [3.75-3.78]. Measurement has also been carried out in 
welded component of wide range of materials, such as aluminium alloys [3.79,3.80], 
austenitic [3.75,3.76] steel, ferritic steel [3.81] and nickel base super alloys [3.82, 
3.83]. 
The general trend of welding residual stress distribution has long been known. 
Generally the stresses in the longitudinal direction, that is the stress parallel to the 
weld direction, are found to be strongly tensile near the weld and HAZ region while 
counterbalancing compressive stresses are observed away from the HAZ and is 
reported in many literature [3.75-3.77,3.81]. The strain in the transverse direction, 
which is the direction perpendicular to the weld, follows the same trend with smaller 
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amplitude while the normal direction strains are low in magnitude with the reverse 
profile. In the case of multi-pass welds, the stress distribution changes with each 
pass. A significant increase of longitudinal tensile stress after the second weld pass in 
a ferritic steel weld has been reported by Prask et al [3.84]. Further, difference in 
residual stress distribution with varying thickness has been reported by Spooner et al 
[3.75,3.85], where they observed relatively higher tensile stresses in the top and the 
bottom than that in the mid-thickness of a single V butt welded stainless steel plate. 
3.2.3 Residual stresses in repair welds 
In recent years, a lot of effort is given to study the residual stress distribution in 
repair welds and its effect on the service life of the component. Repair welds are 
generally introduced into a structure to rectify any damage or defects found in the 
component [3.86] following welding. There can be various kind of repair weld 
ranging from small localized welding to welding of significant portion of the 
structure. These repair welds are associated with a triaxial residual stress field which 
if not accounted for can lead to premature failure of the component. In a recent 
survey, carried out by EPRI [3.87], it has been revealed that 40 % of all repairs 
related to steam chests, piping and headers results in subsequent cracking and more 
interestingly among these 70% of the repairs were not subjected to any post weld 
heat treatment. This investigation clearly suggests that the residual stress generated 
during repair welding plays a significant role in many of these failures. Repair 
welding is practiced quite often in the pipes of nuclear power plant. A lot of effort is 
being given to understand and quantify the effect of these repair weld stresses on the 
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component service-life. The detrimental effect of residual stress in the case of steam 
leak in a repair weld has been reviewed by Dunn et al [3.88]. 
The Finite Element analysis method is being increasingly employed to model the 
residual stress field in wide range of weld materials. A substantial work has been 
carried out to simulate the residual stress in multi-pass weld plates [3.89,3.90] and 
pipes [3.91]. It has been reported that except for a few discrepancies in most cases 
2D analysis shows very good agreement with the experimental results, although in 
order to get good results in large structures it is necessary to use 3D analysis [3.92]. 
In recent years many projects have been undertaken to simulate the weld stresses in 
repair welds used in power plants. To validate these results, conventional destructive 
and non-destructive techniques are being used to measure the stresses 
experimentally. In this current work analysis of residual stress distribution in a 316L 
austenitic stainless steel bead on plate specimen will be discussed, which was carried 
out as a part of work of NET project [3.93], the final aim of which was to be able to 
simulate the residual stress field in repair weld used in nuclear power plant pipes. 
3.2.4 Weld residual stresses in aluminium alloys 
Aluminium alloys are widely used in aerospace applications, automotive industry, 
marine and power plants. One of the main features, which have made them very 
popular in key structural applications, is their favourable strength-to-weight ratio. 
Furthermore, it has excellent atmospheric corrosion resistance and can be formed to 
any desired shape very easily. AA-2000 and AA-7000 series alloys are the two most 
commonly used aluminium alloys in aircraft applications. Joining of these alloys is a 
key issue as it plays an important role in determining the component life span. In 
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many applications joining of two components is carried out by mechanical fastening, 
riveting or bolting. But these processes are expensive and time consuming and most 
importantly elimination of fasteners can provide considerable weight reduction, 
which is highly desirable in aircraft applications. In recent years, welding technique 
has been identified as an important joining technique, which has the potential to 
replace the mechanical fastening. Use of this technique can reduce the cost 
substantially giving a lighter and less complicated structure [3.94]. In addition, 
welded joints provide easy transfer of loads between different parts and are also less 
time consuming. However, the welding process is also associated with its own 
problems, which include hot cracking during welding, poor weld microstructure in 
the fusion and heat affected zone (HAZ) giving rise to loss of strength and toughness 
and the creation of local and global residual stress field [3.95,3.96]. Among these 
problems residual stress has the most significant influence on the fatigue life of a 
component. Plenty of research has been carried out to investigate the residual stress 
profile of aluminium alloys using different welding techniques. Welding of 
aluminium alloys is associated with the following difficulties [3.97,3.98]: 
a) These alloys are highly susceptible to liquation cracking in the heat affected 
zone, which mainly occurs if the gap between the liquidus and solidus lines 
increases [3.95]. 
b) Al-alloys have very high thermal conductivity (four times more than steel), 
which results in very fast heat loss. This essentially implies that higher heat 
input is needed in welding of aluminium alloys. 
c) It has a high co-efficient of thermal expansion, which together with the high 
thermal conductivity can lead to distortion if proper care is not taken. 
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However, this problem can be minimized by controlling the heat input and 
welding speed. 
d) Al-alloys are susceptible to porosity problems due to hydrogen 
contamination. Hydrogen gas can be entrapped as gas bubbles when the 
liquid metal is solidified as solubility of hydrogen reduces in the solid phase 
[3.97]. 
Heat treatable alloys are found to be the most difficult to weld by fusion welding 
processes as the weld metal and the HAZ region loses a considerable amount of 
strength [3.97,3.99]. This is due to the reason that during the welding the fusion 
zone is melted completely and partial melting in the HAZ region takes place, 
resulting in dissolution of all the precipitate in the melt which later forms a low 
melting eutectic and segregates at the grain boundaries [3.95]. 
In recent years considerable development in welding techniques has been 
achieved and a lot of research is being undertaken to develop new welding 
techniques and improve the quality of existing techniques [3.100-3.102]. Many 
welding techniques can be used to weld aluminium alloys for example, oxy- 
acetylene, submerged arc welding, Metal inert gas (MIG) welding, tungsten inert gas 
(TIG) welding, variable polarity plasma arc welding (VPPA), electron beam welding 
and laser beam welding. Submerged arc welding and oxy-acetylene welding is not 
popular in aircraft industry, because it uses flux which increases the risk of corrosion 
if cleaning is not done properly and further these processes are difficult in 
automation. Some welding techniques have attracted considerable attention in the 
aircraft industry, which include tungsten inert gas (TIG) welding, metal inert gas 
welding (MIG), variable polarity plasma arc welding (VPPA) and friction stir 
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welding. Among these friction stir welding is a relatively new method with the 
potential to be used in the aircraft industry. Friction stir welding (FSW), a solid state 
welding process developed at TWI in 1991 [3.103], has drawn considerable attention 
in the aircraft industry particularly due to its solid state nature [3.104]. Friction stir 
welding is carried out by moving one component relative to the other along a 
common interface with the application of a compressive force across the joints. As it 
is a solid-state process, the temperature experienced near the weld will be lower than 
the other fusion welding process. It is also expected that FSW will result in lower 
residual stress in compared to the other fusion welding techniques [3.105]. Due to the 
exciting properties of this new generation welding technique, a considerable amount 
of research is being carried out to study the feasibility of this welding technique and 
inter-related issues in high strength Al-2xxx and Al-7xxx alloy [3.102,3.106]. 
However, more investigation is required on this technique before it is implemented in 
aircraft applications. 
TIG welding has received considerable attention, particularly, in the case of 
Al-2xxx alloys. The effect of welding parameters on the microstructure has been 
studied in detail by Norman et al [3.95]. The grain structure effect of the Al alloy 
TIG weld has been studied by many researchers [3.107,3.108]. Owen et al [3.109] 
has investigated residual stress profile characteristics of TIG welded aluminium 2024 
alloy. 
Significant progress has already been achieved in developing good quality 
MIG and VPPA welding techniques in the joining of Al-2xxx and Al-7xxx alloys 
and research is also being carried out to study the issues related to residual stress, 
microstructure and their effect on the fatigue life of the component [3.110]. MIG 
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welding is a form of fusion welding where a consumable electrode is used and the 
arc is formed between the consumable electrode and the work piece. 
The VPPA welding technique was mainly designed for space application and was 
used firstly by NASA for the welding of external fuel tank of a space shuttle [3.111]. 
A detail study of residual stress distribution and the related micro structural changes 
in MIG and VPPA welded Al-2024 alloy and Al-7150 alloy has been carried out by 
Ganguly [3.63,3.98] and Stelmukh [3.64,3.112]. Further, the effect of these stress 
on the fatigue crack growth behaviour has been studied by Lin et al [3.113]. This 
current work describes the study of residual stress distribution in the MIG and VPPA 
welded Al-2024 alloy CT specimen, which has been investigated as a part of an 
integrated project. 
3.3 Summary 
A brief review on fatigue crack growth phenomenon and interrelated issues has been 
presented in this chapter. The effect of residual stress on fatigue crack growth has 
also been discussed in detail. In addition, development of weld residual stress in 
different alloys has been discussed along with a brief review of weld residual stress 
measurement using neutron diffraction technique. 
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Mapping of strain and stress around a fatigue crack 
within bulk material using the synchrotron 
diffraction technique 
This chapter describes an investigation to assess the feasibility of non-destructive 
measurement of the elastic strain and stress distribution in the immediate vicinity of a 
fatigue crack inside a metallic component during in-situ loading using a high energy 
synchrotron X-ray source. The measurement was carried out using a high energy X- 
ray diffraction at the ESRF. The very high spatial resolution achieved with this 
technique allowed measurements to be carried out using 25 x 25 µm2 incident slit 
sizes, enabling measurement within the plastic zone and crack wake field 
surrounding the crack tip. 
4.1 Background 
A lot of research has been carried out over the last 30 years regarding the 
fundamental mechanism of fatigue crack growth and the overload/underload 
interaction under variable amplitude loading. Despite this no consensus has yet been 
achieved on the mechanism of these phenomena. Understanding of fatigue crack 
growth phenomena requires detailed knowledge of the crack tip strain/stress field, as 
the events in the vicinity of the crack tip play a major role in crack growth and final 
fracture. Thus, to construct accurate fatigue life prediction models, it is essential to 
have experimental data describing the crack tip strain/stress field accompanying 
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fatigue crack growth. But, until recently no techniques had been available to map the 
residual stress field in front of crack tip at a sufficiently high spatial resolution within 
bulk material. As a result of this most of the available fatigue life prediction models 
are phenomenological rather than physically based. 
The development of third generation synchrotron sources such as the ESRF 
has opened up the opportunity to map the local strain and stress fields in front of 
fatigue cracks inside the bulk material. Energy dispersive synchrotron X-ray 
techniques allow exploration of the very minute details of a fatigue crack tip stress 
field variation, which is likely to decay within a few hundred microns distance, and 
is beyond the spatial resolution of neutron diffraction. 
In this work an attempt has been made to map the entire plastic zone and the 
accompanying crack tip field including the crack wake region inside a 12 mm thick 
Al-5091 compact tension specimen, using high resolution and energy dispersive 
(EDXRD) synchrotron X-ray diffraction at the ESRF on the ID 15 (A) beam line. 
4.2 Material description 
The material used for this experiment was ultra-fine-grained Al-5091 [4.1], which is 
an AI-Li-Mg-C-0 alloy. It has a very fine equiaxed grain structure, with a dispersion 
of very fine precipitates, i. e, A1203, A11C3 and MgO. The grain size of the material is 
less than l , urn. This material 
has yield strength of 559 MPa and an ultimate tensile 
strength of 596 MPa. This fine grained alloy was produced by mechanical alloying 
method using conventional powder metallurgy route [4.2] by Inco Alloy 
International. Although, by nature, the alloy is precipitation hardenable, it gets most 
of its strength due to the combined effect of the dispersion strengthening mechanism 
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and presence of very fine grains (Hall-Petch strengthening). The major advantage of 
using this alloy in the present investigation is that it shows linear crack path length 
compared to the ingot metallurgy aluminium alloys. This alloy is known to exhibit 
very low level of crack closure due to the presence of microscopically straight crack 
(4.3]. In addition, another important advantage of having such a fine-grained material 
in such a high resolution experiment is that it ensures that an adequate number of 
grains are available to diffraction within the gauge volume. 
4.3 Specimen geometry 
Two nominally identical 12 mm thick compact tension (CT) specimens were 
manufactured as specified in the fatigue crack standard ASTM E647. A schematic 
diagram of the sample is shown in figure 4.1. Both specimens had a 50 mm width 
(W) with a 15.2 mm slot machined into the CT notch root. Finally, the slot was 
fatigued sharpened to a total crack length of 25 mm (a/W = 0.4) in both specimens. 
Fatigue sharpening was carried out under the condition of constant 
AK = 6MPa- (where K,,,, = 6.6MPaf and K. = 0.6MPa-Fm ) and R=0.09 
in an MTS servo-hydraulic testing machine. In both cases crack lengths were 
monitored using a travelling microscope. In addition, a back face strain gauge was 
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Figure 4.1: Schematic diagram of the CT specimen under investigation. 
attached on both the samples to record the compliance of the specimens. The 
relationship between the load and back face strain was recorded, in order to infer the 
load in the specimens during the in-situ experiment from the back face strain (as no 
load cell was available on the in situ straining rig used). Once the fatigue crack was 
grown, one of the samples was subjected to a 100 % overload (AK =13.2MPa-Fm ). 
The thickness (B) of the as-fatigued and overloaded samples were measured to be 
12.25 mm and 12.35 mm respectively. 
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4.4 Energy-dispersive synchrotron X-ray diffraction 
All the measurements were carried out at the ID15 (A) beam line at the ESRF 
facility. The as-fatigued and the overloaded samples were loaded in-situ using a 
modified Hounsfield extensometer mounted vertically in front of the X-ray beam. 
This beamline utilises very high flux incident beam energies up to 300 keV [4.4, 
4.5]. However, for the current experiment the maximum energy was set to 250 keV. 
To record the energy dispersive diffraction pattern for each diffraction beam, two 
solid state detectors were placed at 20 = 50, one vertically and the other one 
horizontally offset, enabling measurements to be carried out in two perpendicular 
directions simultaneously (figure 4.2 (a and b)). Each detector comprised a liquid 
nitrogen cooled germanium crystal, which was attached to a multichannel analyser 
(MCA) [4.4]. The incident beam size was defined by the horizontal and vertical slits, 
positioned in front of the sample. The incident slit dimensions were kept to 25 pin in 
both horizontal and vertical directions. The diffracted beam was defined by two pairs 
of receiving slits, one placed near to the sample and the other one close to the 
detector. Both the receiving slits in the horizontal directions were fixed to 40 Lan. 
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Figure 4.2: (a) the photograph of the original experimental setup and (b) a schematic 
diagram of the experimental set up. 
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The vertical beam geometry of the diffracted beam was defined by the vertical gap of 
the incident slits as no vertical slit was used in the receiving slits. Such a 
configuration is possible due to the inherent very low divergence of the beam. A 
copper tube, with lead shielding, is placed between the two receiving slits, which 
helps to define the diffracted beam and shield the detector from background 
Gauge volume. 
piliracted 
beam 
50 
" 
E 
E 
N Gauge length: 0.55 mm 
0 
CT thickness : 12.3 mm 
Figure 4.3: The detail of the gauge volume as seen along the diffracted plane using 
25 x 25, um2 incident slits and 40, wn receiving slits at the ID15 (A) 
beamline. 
radiation. Use of a small scattering angle (i. e. typically < 10°) results in the strain 
measurement direction being almost perpendicular to the incident and diffracted 
beam, which makes sample positioning easier as the incident beam falls 
perpendicular to the sample surface [4.6]. Unlike measurements made at a large 
scattering angle, a small scattering angle results in an elongated, diamond shaped, 
gauge volume. In the present geometry, the elongation ratio of the gauge volume is 
calculated to be 1: 22, which certainly affects the spatial resolution in the through 
thickness direction. However, in practice most of the signal received by the detector 
comes from the middle portion of the gauge volume. Finding the location of the 
crack tip proved to be a challenging task and was accomplished by scanning a steel 
pin (0.5 mm in diameter) using the synchrotron X-ray beam. The pin was inserted 
into the surface of the sample and its position with respect to the crack tip was 
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precisely determined using an optical microscope. Finally, the location of the crack 
tip was confirmed by a fine scan using the synchrotron X-ray beam. 
4.4.1 Measurement plan 
The measurement was carried out using a beam size of 25 x 25, um2 in a total area of 
2x2 mm2 in front of the crack tip (figure 4.4). The scans were made in 20, wn steps, 
which resulted in total number of measurements of 400 points for each load case. 
The measurement time of each point was typically around 120 seconds. All the 
Longitudinal 
direction 
Tranverse 2mm 
direction 
E 
E 
Notch Crack tip 
Mapped 
region 
Figure 4.4: The schematic diagram of the area of the measurement in front of the 
crack tip of the CT specimen. 
measurements were carried out in two mutually perpendicular directions. The 
loading direction (perpendicular to the crack length) is termed as the longitudinal 
direction (LD) and the direction perpendicular to it is called the transverse direction 
(TD). Both the samples (As-fatigued and overloaded) were measured under different 
level of in-situ loading. As-fatigued samples were measured with 
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K,,, = 6.6MPaj and K= 0.6MPa- and the 100 % overloaded sample was 
measured at K,. = 13.2MPa-\fm- and K, = 0.6MPa-ým- . 
4.4.2 Data analysis 
For each measurement, the diffracted spectra of all the peaks were recorded in two 
solid-state detectors since a white beam was used. A typical diffraction spectrum 
obtained in energy dispersive mode and its Pawley fit is shown in figure 4.5. It is 
clear from the spectrum that the level of background adjacent to the peak is very low 
and also no significant texture is apparent. The experimental data obtained in 
energy-dispersive mode was transformed to an artificial angular dispersive mode 
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Figure 4.5: Typical diffraction spectrum of Al-5091 CT specimen obtained from 
ID 15 (A) diffractometer in energy-dispersive mode. Only part of the 
spectrum seen in the figure has been used in the data analysis. 
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of reciprocal scale, and stored as a GSAS RALF format [4.4]. This spectrum was 
fitted using the time of flight peak profiling routine, Pawley refinement approach 
[4.7], using the software package GSAS [4.8]. The time of flight neutron peak 
profiling type routine was required because the peaks within the energy dispersive 
profile are typically asymmetric [4.9,4.10]. The lattice parameter obtained from the 
GSAS analysis is used to calculate the strain using equation 2.8. 
4.43 Plane strain approximation 
The stresses were calculated (using equation 2.13) assuming a plane strain 
assumption, as the measurements were carried out in the middle of the relatively 
thick (12 mm) specimen. Furthermore, to justify this assumption the fracture 
mechanics approach is also applied to the specimen geometry. It is well known from 
a fracture mechanics point of view that a plain strain condition prevails inside a 
material if the following condition is satisfied: 
B>_ 2.5x(K/a,. )2 (4.1) 
Where B is the sample thickness, K is stress intensity factor and cy is the yield 
stress of the material. In case of the as-fatigued sample (K,,, = 6.6MPa-) and 
overloaded sample (K. =13.2MPa-) the value of 2.5 x (K /o )2, was 
calculated to be 0.35 mm and 1.39 mm respectively, which is significantly smaller 
than the specimen thickness (B = 12 mm). Therefore, in both cases assumption of 
plain strain condition is clearly justified in terms of fracture mechanics approach. 
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4.4.4 Stress free lattice parameter measurement 
Lattice parameter values measured far from the crack tip were used to determine the 
stress free reference value (ao). For this purpose a set of measurements were carried 
out in the far field of both the specimens and an average value was used as a final 
unstressed lattice parameter value. All these measurements were carried out in the 
unloaded condition to ensure that no external stress was incorporated. The slits size 
(25 x 25 pn 2) was kept the same as for all the other measurement points. 
4.5 Results and discussions 
4.5.1 As-fatigued sample 
Figure 4.6 (a and b) shows the longitudinal (direction perpendicular to the crack) 
direction and transverse (direction along the crack) direction strain profiles for the 
as-fatigued sample loaded to applied stress intensity of K. = 6.6MPa-J . The 
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Figure 4.6: As-fatigued sample, K. = 6.6MPavrm , (a) longitudinal and (b) 
transverse strain distribution. 
HOD 
do() 
121 
-C1.75 -D. 50 -C25 0.00 0.25 0.50 0.75 1.00 
X (mm) 
Chapter 4 
thick black line on each map represents the macroscopic crack position, which was 
determined by averaging the two surface crack positions determined by optical 
microscopy. Significantly high tensile strains are observed in front of the crack tip in 
both directions, with a higher concentration of strain (maximum of 1600 micro 
strain) in the longitudinal direction (LD), as this is the crack opening direction. In the 
LD direction, two lobed high strain regions are observed in front of the crack tip, 
where the high strain concentration region (1000 to1600 microstrain) extends up to 
± 0.3 mm in the direction perpendicular to the crack growth and about 0.2 mm ahead 
of the crack. The maximum transverse strain of around 1050 microstrain is observed 
in front of the crack tip, however the region of high strain concentration is much 
smaller in this direction. A significant compressive strain is observed all along the 
crack wake region behind the crack tip in the longitudinal direction with maximum 
compressive strain of around -800 microstrain, where this effect is not present in the 
transverse direction. Figure 4.7 (a, b and c) shows the longitudinal, transverse and 
normal stress variation in front of the crack tip for the same K. value. Like the 
strain maps, the stress maps also show significant tensile stress concentrations in 
front of the crack tip. Noticeably, the lobed high strain region observed in the 
longitudinal direction strain plots are missing in the stress plots, which can be 
explained in terms of a balancing effect due to the presence of a negative transverse 
strain field in this area. 
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Figure 4.7: As-fatigued sample, Knx = 6.6MPa-\fm- , 
(a) longitudinal, (b) 
transverse and (c) normal direction stress distribution. 
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The significantly high stress observed in the immediate vicinity of the crack tip in all 
three directions confirm the presence of a triaxial stress field, which is expected in 
front of crack tip in a plane strain condition. The maximum stress of around 240 
MPa, 210 MPa and 150 MPa is observed in the longitudinal, transverse and normal 
direction respectively. In addition, when the high hydrostatic stresses are plotted, a 
positive hydrostatic stress field ((Q, + 62 +a)/3) is observed in front of the crack 
tip at K. X = 
6.6MPa- (figure 4.8). 
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Figure 4.8: Hydrostatic stress distribution around the fatigue crack in as-fatigued 
sample at K,,, x = 
6.6MPaVm . 
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A constant compressive stress of around -50 MPa is observed all along the crack 
behind the crack tip in the longitudinal direction while these stresses are not 
pronounced in transverse and normal direction. 
Figure 4.9 (a, b) and 4.10 (a, b and c) shows the crack tip strain and stress 
fields at K=0.6MPaNrm--. The strain plots shows that the crack tip strain values 
reduces significantly in three directions when unloaded to Kti . However, the 
compressive strain values along the crack wake seems to be unaffected with 
maximum strain of 700 microstrain is observed, which is almost the same as found in 
the loaded condition. Consequently, the stress plots shows that the crack tip stresses 
are reduced significantly when the material is unloaded to K,, (figure 4.10 (a, b and 
c)). In both load cases, at Kax and KR,; n , the evidence of a similar magnitude of 
compressive stress is observed behind the crack tip along the crack surface. The 
presence of the compressive stress can certainly be attributed to the cyclic plasticity 
effect, which is generated during tension compression loading cycle (see section 
3.1.5). 
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Furthermore, the similar compressive stress distribution along the crack 
surface behind the crack tip under two different load conditions clearly indicate that 
these stresses are not dependent on the load values. Although this material (Al-5091) 
is known to show a low level of roughness-induced crack closure due to the presence 
of microscopically-straight crack [4.3,4.11], a compressive stress is developed 
behind the crack tip along the crack wake as a result of anisotropic strain, which 
develops during the repeated yielding in tension and compression during fatigue 
crack growth. The similar effect has also been reported in a recent study by croft et al 
[4.12], where he ruled out the effect of crack face contact interactions and instead 
came to a conclusion that an anisotropic strain in the plastic wake of a propagating 
crack tip is responsible for this compressive stress. 
4.5.2 Overloaded sample 
Figures 4.11- 4.14 show the strain and stress maps in fatigued-overloaded specimens 
under two different loading conditions (K. =13.2MPa-J and 
K,, ý. = 0.6MPaJ ). Figure 4.11 (a and b) shows high strain concentration in front 
of crack tip in the longitudinal and transverse direction at K.. The maximum strain 
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of 4450 microstrain is observed in the longitudinal direction which is almost 3 times 
more than the maximum longitudinal strain observed in the as-fatigued sample when 
loaded at K. . Further, the extent of the high strain concentration 
(2500 to 4500 
microstrain) region is found to be ± 0.6 mm and ± 0.4 mm along the perpendicular 
and the crack growth direction respectively, which is also larger than the similar 
strain concentration regions observed in the as-fatigued sample at K. K. A band of 
significant compressive strain field is observed in the crack wake region all along the 
crack behind the crack tip. Figure 4.12 (a, b and c) clearly shows the presence of a 
high tensile stress over a larger area in front of crack tip when the measurement was 
carried out at KO, =13.2MPa-, 
fm- (100% overload). The maximum stresses of 550 
MPa, 325 MPa and 275 MPa are observed in longitudinal, transverse and normal 
direction respectively. Furthermore, when these results are compared to the as- 
fatigued specimens at K,. , it is clearly seen that the crack tip stresses 
have 
increased substantially, by nearly 100% in the overloaded specimen. A region of 
compressive stress is observed in the crack wake field in all the three directions. 
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Figure 4.13 (a, b) and 4.14 (a, b and c) shows the strain and stress variations when 
the load level is reduced to Kffin .A substantial compressive strain and stress 
is 
observed in the immediate vicinity of the crack tip as well as in the crack wake. 
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The maximum compressive stress of -150 MPa is observed near the crack tip in the 
longitudinal and transverse direction. These compressive stresses near the crack tip 
signify the effect of overload. The similar effect has also been reported in the work 
by Croft et al [4.12]. The presence of this compressive stress has been reported in the 
previous work [4.13] and has also been measured on the surface of a component 
[4.14,4.15]. 
This compressive residual stress at the crack tip is generated as a result of 
compressive force exerted by the surrounding material on the monotonic tensile 
plastic zone, created during overloading, when the material is unloaded. Like the as- 
fatigued specimen, presence of a compressive stress field along the crack wake and 
behind the crack tip is evident in the fatigued-overloaded specimen. Also, like in the 
as-fatigued specimen, the compressive stress in the crack wake field remains almost 
constant in both load cases confirming the presence of the plastic wake under 
constant amplitude fatigue. 
4.6 Summary 
The crack tip strain and stress distribution has been successfully mapped non- 
destructively inside a bulk material in Al-5091 compact tension specimens using 
high-resolution synchrotron X-ray diffraction. A high triaxial stress is observed in 
the immediate vicinity of the crack tip in both the as-fatigued and overloaded 
specimens at their respective K. values. The crack tip peak stress values were 
found almost double in the overloaded specimen compared to the as-fatigued 
specimen and also the extent of that high stress region was greater in the overloaded 
specimen. A considerable constant compressive stress is observed along the crack 
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wake just behind the crack tip in both the specimens irrespective of the loading 
history. This suggests that the plastic deformation, produced during fatigue loading, 
is the prime mechanism of the generation of compressive stress along the crack 
wake. The effect of the overload is also clearly evident in the fatigued-overloaded 
specimen, as a significant compressive stress is observed in the immediate vicinity of 
the crack tip when the material is unloaded to K,, K. 
This work provides a broad picture of the strain and stress distribution around 
a fatigue crack and their modification following an overload, inside a bulk metallic 
component. A detailed in depth analysis of the data will reveal more information 
regarding the crack tip stress distribution and the crack closure effect, which in turn 
will be very useful in developing accurate fatigue life prediction models. However, 
such an investigation is out of the scope of the present work. 
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Investigation of macro-residual stress distribution in 
welded components 
In the previous chapter, high resolution strain and stress mapping using synchrotron 
X-ray diffraction around a fatigue crack has been described. Although this 
investigation allowed us to understand in detail about the local crack tip strain and 
stress variations, as well as the events taking place behind the crack tip, in practice 
such high resolution mapping is not possible in welded structures due to the presence 
of relatively larger grain sizes in the weld as well as in the bulk material. Industrial 
welds rarely use the fine-grained alloys used for the synchrotron X-ray experiments. 
Welding can generate significant macro residual stress within a component, which is 
of concern to engineers as fatigue life can be significantly affected by it. Due to the 
fact that most engineering structures have a larger grain size (typically 20-100 
microns) than the fine grained Al-5091 alloy discussed in the previous chapter, a 
larger gauge volume (compared to the very small gauge used in the high resolution 
stress map described in previous section) needs to be used in order to obtain 
information from a sufficiently large population of grains to obtain macroscopic 
strain and stress. Thus, the neutron diffraction technique is the ideal tool in this sort 
of measurement, as it works with a large gauge volume, and where a diffraction 
angle close to 90° enables investigation in three principal directions inside the bulk 
material. 
This chapter describes the measurement of weld residual stress distributions and 
related issues in three parts. In the first part, a detailed description of macro-residual 
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stress measurement, using neutron diffraction, in a bead-on-plate 316L weld 
specimen is presented, along with a detailed study of the parent material. The neutron 
diffraction results are also compared with results obtained from the contour method. 
The second part discusses the significance of the use of sample-specific residual 
stress distribution results in fatigue life prediction models, particularly in the case of 
welded material. To illustrate this effect, a neutron diffraction experiment was 
carried out in two Metal Inert Gas (MIG) welded compact tension (CT) specimens of 
Al-alloy and the stress results were then compared to the residual stress measured in 
the original plate from where the CT specimens were extracted. 
Finally, the third part describes the redistribution of residual stress in an MT 
(middle cracked tension) specimen due to fatigue crack growth. To study the 
redistribution phenomenon an experiment was conducted in fatigue-cracked VPPA 
welded MT specimens using neutron diffraction. 
5.1 Residual stress in a bead-on-plate 316L welded 
specimen 
5.1.1 Background 
316L austenitic stainless steel is widely used in steam pipes in nuclear power plants. 
Different parts of these pipes are welded according to the precise design 
requirements. Residual stresses generated during the welding of these pipes are a 
cause of concern to engineers as crack generation could lead to a premature failure. 
Hence, it is very important to have a proper knowledge of the residual stress 
distribution around the weld region to be able to predict the service life. To address 
this problem an investigation was carried out by Task group 1 (TGI) of the European 
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NET project [5.1 ], as part of which nominally identical round robin 316L welding 
specimens have been prepared to study the weld residual stress distribution using 
several destructive and non-destructive techniques. The final objective was to 
validate the Finite Element weld simulation-modelling methods. In this current 
study, an attempt has been made to measure the variation in residual stress along the 
length of single weld bead-on-plate specimens using neutron diffraction and other 
techniques and thereby characterise stress gradients and the nature of welding torch 
start and stop end stress concentration effects. Finally, the neutron diffraction results 
are compared with the results obtained from other techniques i. e. the contour method. 
5.1.2 Specimen description 
Four nominally identical bead on plate AISI type 316L stainless steel specimens 
were manufactured by Mitsui Babcock. The chemical composition (wt%) of the 
316L stainless steel plate was 0.02 C, 1.404 Mn, 0.027 P, 0.0011 S, 0.582 Si, 11.11 
Ni, 17.834 Cr, 2.06 Mo, 0.0132 N, balance-Fe. All four specimens, labelled as A1.1, 
A1.2, A1.3, Al. 4, were taken from a single piece of solution treated AISI type 316L 
stainless steel plate which had nominal dimensions of around 600 x 150 x 50 mm3. A 
single weld bead was deposited along the centre line of all the specimens using 
automated Tungsten Inert Gas Welding (TIG) as shown in figure 5.1. The filler wire 
was 0.8 mm 316S96 Mini Mig with specification A5.9.93 (ASME) and ER316H. 
The weld torch traverse distance was 60 mm, labelled as AC in figure 5.1. The 
welding conditions were monitored and recorded to facilitate FE analysis. In this 
current work, the residual stress field of the A1.1 sample was measured using 
neutron diffraction at the ISIS facility of the Rutherford Appleton Laboratory, UK. A 
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schematic representation and a photograph of specimen Al. 1 are given in figures 5.1 
and 5.2 respectively. The thickness and width of specimen Al. l were measured to be 
17 mm and 120 mm respectively. The welding direction can be seen in figure 5.1, 
which will be referred to as the longitudinal direction (x). The direction across the 
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Figure 5.2: Photograph of bead-on-plate weld. 
weld is known as the transverse direction (y), while the direction through the 
thickness of the plate will be called the normal direction (z). The original photograph 
of the specimen can be seen in figure 5.2. 
Measurements were made along lines and planes as shown in figure 5.1; which 
shows five lines, labelled EF, BD, AG, BH and Cl. Cartesian co-ordinates were used 
for the plate with the x. y and z axis corresponding to the longitudinal, transverse and 
normal directions respectively. The origin of the axis is located on the top surface of 
the plate, at the plate centre. 
5.1.3 Specimen characterisation 
It is a well known fact that material characteristics, such as microstructure, grain size 
and texture play an important role in determination of residual stress using the 
diffraction technique. In the next few sections the microstructure, grain size and 
texture studies on the investigated material will be presented. 
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5.1.3.1 Microstructure and grain size 
The microstructures of the weld region, heat affected zone (HAZ) and parent 
material were observed in the LD-TD plane using optical microscopy. For that 
purpose the sample was first cut by electro discharge machining, which ensures very 
smooth cutting. After cutting. one of the cut sections was chosen for the 
microstructure study and was prepared for metallographic analysis. The macrograph 
Figure 5.3: Cross- sectional macrograph of the LD-ND plane of the bead on plate 
weld. 
of the investigated plane is shown in figure 5.3. The weld start and stop regions and 
its shape can be very clearly distinguished from the macrograph, although the heat 
affected zone is not visible. In the microstructural study, a columnar dendritic grain 
structure was observed in the weld region and the dendrites are elongated along the 
n (figure 5.4). 
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Figure 5.4: Columnar dendritic microstructure in the weld in the bead on plate 
specimen along the weld direction. 
The HAZ region and the parent material show an equiaxed grain structure with 
carbide precipitation at the grain boundaries (figures 5.5 and 5.6). The grain size has 
also been measured using optical microscopy. The average grain size of the heat 
affected zone and the parent material does not seems to vary significantly. For the 
LD-ND plane, the grain size in the parent material varies between 50-70 microns in 
the longitudinal direction and around 30-40 microns in the through-thickness 
direction. 
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5.1.3.2 Texture analysis 
The grain orientation relative to the sample axis has been determined by the electron 
back scattered diffraction (EBSD) technique. In the current investigation texture was 
measured using the Channel 5 software (from HKL technology) in a JEOL 820 
scanning electron microscope (SEM) set up in EBSD mode [5.2]. For this purpose 
two small samples, each of 10 x6x2 mm3 were extracted, one from the welded 
region and the other one from the parent plate, from the bead on plate specimen. The 
samples were ground and then polished to aI micron finish and finally 
electropolished using a Struers electrolyte A2 solution. To ensure that a sufficient 
number of grains were being sampled, the EBSD scan was carried out using 20 x 20 
microns step intervals over a total 1.5 x 1.5 mm2 area. The results from these 
measurements are represented in the form of pole figures (figures 5.7 (a and b)). It 
can be seen from figure 5.7 (a), which represents the pole figure of bulk material, 
that there is no preferred orientation hence no texture in the bulk material. In 
contrast, the pole figure from the weld metal shown in figure 5.7 (b) shows some 
preferred orientation, with a strong <100> component in all three principal 
directions. Therefore, if the measured line contains any weld metal, the interpretation 
of the strain and corresponding stress of these particular points has to be done 
carefully which otherwise might incorporate significant error in the final results. 
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5.1.4 Neutron diffraction 
Neutron diffraction was carried out in the ENGIN-X diffractometer at ISIS. The 
ENGIN-X diffractometer works on the same principle as other conventional time-of- 
flight diffractometers, details of which have been discussed in chapter 2. 
Measurements were made along the three principal directions: that is in the 
longitudinal direction (LD) parallel to the weld, in the transverse direction 
perpendicular to the weld (TD) and in the normal direction (ND) which is 
perpendicular to the top surface of the plate. Two directions were measured 
simultaneously, as ENGIN-X has two opposing detector banks each centred on a 
Bragg angle (20) of ± 90 degrees. The sample had to be repositioned once to 
measure the third direction; consequently, the normal direction was measured twice, 
essentially giving the opportunity to verify the accuracy of the repositioning of the 
sample. The photograph and schematic diagram of the experimental set-up can be 
seen in figure 5.8 and 5.9 (a) respectively. To aid accurate positioning of the sample 
new software [5.3], developed at The Open University, was used to plan and control 
the experiment. Using this software the measurement positions were defined prior to 
the experiment using a virtual model of the sample (in this instance a simple 
rectangular plate). The origin (x = 0, y=0, z= 0) of this model was defined by the 
mid-length (x = 0), mid-width (y = 0) and top surface (z = 0) of the welded plate 
sample (not the top of the weld bead). 
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Figure 5.8: Experimental set-up of plate Al. I on ENGIN-X at ISIS. 
The position of the sample relative to the ENGIN-X instrument was determined 
using laboratory theodolites and input into the program. The exact weld bead start 
and stop positions were determined optically using the theodolites and were taken to 
be 30 mm (x = -30 mm) and 27.5 mm (x = +27.5 mm ) respectively from the plate 
centre. Once this was done the location of each of the measurements was determined 
automatically by the software. The software was also used to calculate the neutron 
path length of each measuring point and this provided useful estimates of the 
F 
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Figure 5.9: The schematic diagram of (a) diffraction geometry on ENGIN-X, (b) the 
cubic gauge volume using beam size of 2x2x2 mm3 and (c) gauge shape used in 
the transverse scan using beam size 2x 10 x2 mrn . 
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measurement time. All three directions (LD, TD and ND) were measured using a 
gauge volume of 2x2x2 mm; (figure 5.9 (b)). Longitudinal and transverse 
directions were measured in transmission geometry while the normal direction was 
measured in reflection geometry. 
An additional through-thickness map of strain in the transverse direction was 
performed near the weld head stop-end position. An extended gauge volume of 2x 
10 x2 mm; was used for this measurement (figure 5.9 (c)). The locations of the 
measurement points for this scan are shown in figure 5.10 and are tabulated in table 
5.1. It should he noted that for these measurements the height of the incoming beam 
was extended to 10 mm to reduce the measurement time, but at the expense of 
providing measurements of strain averaged over a distance of ±5 mm from the 
specimen centre plane (i. e. x= -5 to x=5 mm). 
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Figure 5.10: Schematic diagram of transverse scan region. 
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Table 5.1: Co-ordinates of transverse strain map measurements 
X Y z 
0 0 -4 
5 0 -4 
10 0 -4 
15 0 -4 
20 0 -4 
25 0 -4 
27.5 0 -4 
30 0 -4 
35 0 -4 
0 0 -7 
5 0 -7 
10 0 -7 
15 0 -7 
20 0 -7 
25 0 -7 
27.5 0 -7 
30 0 -7 
35 0 -7 
0 0 -10 
5 0 -10 
10 0 -10 
15 0 -10 
20 0 -10 
25 0 -10 
27.5 0 -10 
30 0 -10 
35 0 10 
0 0 -13 
-13 
10 0 -13 
15 0 -13 
20 0 -13 
25 0 -13 
27.5 0 -13 
30 0 -13 
35 0 -13 
5.1.4.1 Stress free reference sample 
The stress-free lattice parameter (a, ) was obtained by measuring a small (3 x3x3 
mm3) cube, which was cut from one corner of the sample by EDM. The small cube 
was carefully measured using a gauge volume of 2x2x2 mm3, and the lattice 
parameter obtained was used to calculate the strain for all the points used in the 
measurement of the plate. In order to confirm whether the cube holds any substantial 
amount of stress, a conventional sin 2 yr measurement (discussed in chapter two) 
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Figure 5.11: d versus sin' V plots obtained from neutron diffraction experiment. 
was carried out by measuring the cube sample at different yr angles ( +15, +30, +4.5, - 
15, -30, -45). The d vs sin 2 yi plot (figure 5.11) shows the i/r splitting of the curve 
which indicates the presence of shear stress. The principal stress was calculated using 
the following equation [5.4] : 
o =(l+v)m (5.1) 
Where E is the elastic modulus, v is the Poisson's ratio and m is the slope of the d vs 
sin' V/ plot. The value of m was calculated to be -10-5. Finally, using equation 5.1 the 
stress was calculated to he -I. 5 MPa which is significantly small and within the error 
range of stress calculation. The shear stress was also calculated using equations from 
Cohen et al [5.5] and calculated to be 5 MPa. This result confirms the fact that the 
cube does not hold any significant stress. 
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5.1.4.2 Data analysis 
As ENGIN-X uses the time of flight technique, the diffraction spectrum obtained 
from each measurement point consists of several peaks. The diffraction profile of 
each measurement point was fitted using a multiple peak fitting Pawley refinement 
[5.6] technique using the in-house `Open Genie' software [5.7], which eventually 
calls GSAS code [5.8]. The Pawley refinement technique is useful in studying 
textured material, as it allows for the presence of texture in the material by putting no 
constraints on the intensities of the individual peaks in a diffraction spectrum. A 
typical diffraction spectrum and its associated refinement are shown in figures 5.12 
and 5.13. Although up to seven peaks could be distinguished in some diffraction 
spectra, the five strongest peaks (111), (200), (220), (311) and (222) were analysed 
using Pawley fitting routine to obtain a better statistic of uncertainty in the measured 
lattice parameter. From the measured lattice spacing of the welded specimen and 
stress-free reference cubes the strain was calculated from: 
a-ao 
a 
(5.2) 
Where a is the lattice parameter at each individual measurement point of the 
specimen and a(, is the measured stress free lattice parameter in each detector bank. 
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Figure 5.12: A typical diffraction spectrum from sample Al. I. 
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It was assumed from the specimen symmetry that the directions in which the strain 
was measured were in fact the principal stress directions. The strain in these three 
principal directions was then combined using the relevant elastic constants to 
calculate the stress in each direction using equation 2.13. 
Macroscopic values of Young's modulus and Poisson's ratio (E = 195.6 GPa, v= 
0.294) were used for the stress calculations as many reflections were involved in the 
determination of the measured lattice parameter. To study whether plastic anisotropy 
was present in the weld metal, single peak fitting was carried out using the 'fit-peak' 
routine, which is available within the Open Genie software package. Only (111) and 
(200) peaks were sufficiently intense to be fitted using the single peak fitting routine. 
To calculate the stress response using these individual peaks, different sets of 
Young's Moduli and Poisson's ratios were used which were calculated using the 
Kroner model [5.9]. The values of Young's moduli and Poisson's ratio for the (111) 
peak were 249 GPa and 0.24, and for the (200) plane were 149.1 GPa and 0.34. 
5.1.5 Results and discussion 
5.1.5.1 Strain and stress variation along the weld bead 
Results obtained from the experiment are shown in the following figures, where 
strain or stress variations are plotted as a function of position. 
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Figures 5.14 and 5.15 show the longitudinal, transverse and normal direction residual 
strain and stress profiles measured along line EF (see figure 5.1), 2 mm below the top 
surface of the plate (y = 0, z= -2). It is evident from figure 5.14 that significant 
tensile strains have developed in both the longitudinal and transverse directions in 
the vicinity of the weld. The strain distribution patterns follow almost the similar 
trends in these two directions (LD and TD) with higher tensile strain near the welded 
region which reduces to almost zero in the bulk material, however the magnitude of 
the LD strain is higher than the TD strain. There appears to be a local increase in 
longitudinal strain associated with both the weld start and stop positions although the 
evidence for a weld stop effect is based mainly on a single measurement point. The 
maximum strain in the LD and TD direction is found to be 1590 microstrain and 940 
microstrain respectively. The ND strain distribution shows a significant compressive 
strain near the weld region, with a maximum compressive strain of -1400 
microstrain, which increases to zero in the bulk material. The transverse strain 
steadily increases and the normal strain decreases moving from the weld start to stop 
positions. 
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Figure 5.14: Residual strain variation along weld line EF, 2 mm under the top 
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The stress profiles show a similar trend as seen in the strain profile. However, the 
weld start and stop effects are less apparent (figure 5.15) in the LD stress profile as 
observed in the LD strain profile, and also the increase in transverse stress along the 
weld is less dramatic. Tensile LD and TD stress are found near the weld region while 
the far field stresses approach zero as expected. Maximum tensile stress is found to 
be around 350 MPa and 240 MPa in the LD and TD respectively. The measured 
normal stresses are all slightly compressive near the area close to the weld metal and 
the far field stresses are close to zero. 
5.1.5.2 Strain and stress variation across the weld bead 
Figures 5.16 and 5.17 show the longitudinal, transverse and normal direction residual 
strain and stress profiles measured along line BD (figure 5.1), again 2 mm below the 
top surface of the plate (x = 0, z= -2). In this case only the two points nearest the 
weld centre are likely to be affected by having weld material in their gauge volumes. 
Large longitudinal and transverse stresses are observed near to the weld. These 
stresses decay rapidly with distance away from the weld. The normal stresses are 
again, all compressive, but in this case only the two points nearest to the weld could 
be affected by any stress-free lattice parameter errors caused by the gauge volume 
being partially filled with weld metal. 
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5.1.5.3 Strain and stress variation through the thickness of the plate 
Figures 5.18 and 5.19 show the longitudinal, transverse and normal direction residual 
strain and stress profiles measured along the through-thickness drill-down line at the 
weld centre location (x = 0. y= 0). Large longitudinal and transverse stresses occur 
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Figure 5.18: Through-thickness drill-down strain va riation at the centre of the weld 
(x=0, y=0). 
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Figure 5.19: Through-thickness stress variation at the centre of the weld (x = 0, 
y= 0). 
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near to the weld and decay rapidly through the thickness away from the weld. The 
normal stresses are all compressive. 
Figures 5.20 and 5.21 show the longitudinal, transverse and normal direction residual 
strain and stress profiles measured along the through-thickness drill-down line at the 
weld start location (x = -30, y= 0). Again, large longitudinal and transverse stresses 
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Figure 5.20: Through-thickness strain variation at the weld start position (x = -30, 
y= 0). 
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Figure 5.21: Through-thickness stress variation at the weld start position (x = -30, 
y=0). 
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that decay rapidly away from the weld have been measured, and the normal stresses 
are compressive and remain almost constant through the thickness with the stress 
values varying from -70 to -80 MPa. 
Figures 5.22 and 5.23 show the longitudinal, transverse and normal direction residual 
strain and stress profiles measured along the through-thickness drill-down line at the 
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Figure 5.22: Through-thickness strain variation at the weld stop position (x = +27.5, 
y = 0). 
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Figure 5.23: Through-thickness stress variation at the weld stop position (x = +27.5, 
y=0). 
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weld stop location (x =+ 27.5). As in the other drill-down lines significant 
longitudinal and transverse stresses have been measured near to the weld. These 
stresses decay rapidly away from the weld and the normal stresses are again, all 
compressive 
These three drill-down stress profiles are compared in figures 5.24 (a, b and c). It can 
be seen from figure 5.24 (a) that there is little difference in the longitudinal stress 
profiles at all three positions. In contrast, figure 5.24 (b) shows that whilst the 
transverse stress variation is very similar at both start and stop positions, for the mid 
weld position there appears to be increased transverse stresses near at the mid-depth 
of the plate. Finally, figure 5.24 (c) shows that the normal stresses are low and 
uniformly compressive throughout the plate thickness. 
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5.1.5.4 Through thickness strain map 
Figure 5.25 shows a contour map obtained from transverse scan measurements. Clear 
evidence of a weld stop effect, at least in the transverse strain, can be seen. Of 
course, this effect may come from the large gauge volume (2 x 10 x2 mm3) that was 
used for this measurement. However, to study the extent of the effect of the large 
vertical beam size, some measurements were compared with the small gauge (2 x2x 
2 mm3) results. It can be seen from figures 5.26 and 5.27 that the strains compare 
very well with the drill-down measurements that used a smaller 2x2x2 mm3 gauge 
volume, which indicates that the stress values do not change much along the weld 
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5.1.5.5 Plastic anisotropy in the weld material 
Deposition of weld metal on the work piece involves intense heat input which can 
result in elastic, plastic and creep deformation. These phenomena can change the 
microstructure as well as the texture of the material, resulting in plastic anisotropy 
(see chapter 2). Plastic anisotropy can affect the strain and stress results obtained 
from the neutron diffraction experiment if it is not accounted for. To understand the 
effects of plastic anisotropy the results of single peak fits for the (111) and (200) 
reflections have been compared to the multi-peak fit (Pawley refinement). 
Figure 5.28 (a, b and c) shows the comparative strain variations between the 
single peak and multi-peak fit results in LD, TD and ND directions measured along 
the weld bead (line EF in figure 5.1) line. It can be seen from figure 5.28 (a) that 
considerable differences in the magnitude of the LD strain variation are observed 
between the (111), (200) and Pawley fit results. The overall strain variation from the 
(200) plane over-predicts the Pawley strain results by 12%, while the strain results in 
(111) plane under-predict the Pawley results by 22%. However, the TD-strain (figure 
5.28 (b)) shows good agreement between the single peak fit results and Pawley 
results. In contrast, the ND strain results (figure 5.28 (c)) show significant 
discrepancies between the (111), (200) and Pawley strain results. The maximum 
compressive strains for (200), (111) and Pawley fits are recorded to be -1800 
microstrain, -600 microstrain and -1400 microstrain respectively. Overall the (200) 
strain under-predicts the Pawley strain by 35% and (111) strain over-predicts the 
Pawley results by 64%. 
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Figure 5.28: Comparative strain profiles of single peak ((111) and (200) peak) and 
multi-peak fit results along the EF line (figure 5.1) in (a) LD, (b) TD 
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Figure 5.29 (a, b and c) shows the comparisons of residual stress results of single 
peak and multi-peak fits in the three principal directions, calculated from the strain 
results shown in figure 5.28. The LD stress results (figure 5.29 (a)) show differences 
in stress near the weld region, while good agreement is observed away from the 
weld. It can be seen that near the weld region, the (111) reflection stress differs from 
the Pawley value by 60-70 MPa while the (200) stress values under-predict the 
Pawley results by around 100-120 MPa. It can also be noted that the maximum 
discrepancies are observed near the weld stop end. The TD stress results (figure 5.29 
(b)) show similar discrepancies among the single peak results and the Pawley fit 
results are as in the LD results. The normal direction stress (figure 5.29 (c)) shows 
the maximum differences between the three sets of results. Interestingly, in the ND 
direction, the (200) and Pawley fit results show close agreement, with the (111) 
stresses over predicting them by more than 130 MPa. 
There are several self consistent models available which can predict the 
response of different reflections in the plastic region under uniaxial or multiaxial 
loading for the case of textured austenitic stainless steel [5.10,5.11]. To understand 
the unusual behaviour in the ND strain and stresses in the current work, results from 
an elasto-plastic self-consistent (EPSC) study of austenitic stainless steel by 
Daymond [5.12] are considered. This model predicts the response of different planes 
of randomly textured austenitic stainless steel strained to 5% under the application of 
an external load. 
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Figure 5.30 shows the response of different reflections in the three principal 
directions under uniaxial tension. It shows that under the condition of uniaxial 
loading, the (111) and (200) reflections show a similar response in the ND and TD in 
the plastic range. Interestingly, when the response of different reflections under 
constrained tension (similar to rolling where transverse strain is assumed to be zero 
where longitudinal and normal strains are allowed to vary freely) is studied (figure 
5.31), which represents the current triaxial stress state in the weld, a significant 
difference in the plastic region is observed between the (111) and (200) 
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planes in the ND, while very similar response is observed in the TD. These results 
show that the single peak fit results of (111) and (200) show good agreement with the 
Pawley results in the LD and TD direction. However, significant discrepancies are 
observed in the ND direction. This suggests the presence of intergranular stress in the 
normal direction as a result of plastic anisotropy, which might have been generated 
due to the plastic deformation in the weld and adjacent material. This analysis shows 
the benefits of having diffraction spectra containing several peaks and the use of 
multi-peak fit routines, particularly, in those cases where the material is expected to 
have plastic anisotropy. 
5.1.5.6 Comparison with the contour method 
The neutron diffraction results were compared with the results obtained by the 
contour method, measured by colleagues in The Open University Structural Integrity 
research group [5.1 J. The sample was cut in half along the weld bead (using EDM 
technique) so that the transverse direction stress could be analysed. The contour of 
the cut surface was measured using a co-ordinate measurement machine (CMM) and 
the surface profile was analysed using MATLAB software. This surface profile was 
finally applied as a boundary condition but with reversed sign, as a series of 
displacements to the cut face of a one-half plate FE model representation of the bead 
on plate specimen. The stresses were extracted from this FE analysis assuming 
elastic deformation. The detail of the contour analysis will not be discussed here as it 
is out of the scope of the present work. The transverse residual stress profile 
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Figure 5.32: Comparison of transverse stress profile between the neutron diffraction 
and contour method at 2 mm below the weld surface. 
measured along line EF shows good agreement between the techniques (figure 5.32). 
However, it is also evident from the results that there are some discrepancies (around 
50 MPa) between the two measurements, mainly near the weld region. These 
discrepancies could be due to the fact that a single value of do is used in the 
measurement analysis, whereas do might vary point to point in the weld region. Also 
the presence of texture near the weld could have contributed to the variation. 
However, the contour method can introduce some error during EDM cutting of the 
sample, and also during the data smoothing operation necessary during processing of 
the measured contour [5.131. Despite having these discrepancies, the techniques 
show results very close to each other in terms of trends as well as stress values. 
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5.1.6 Summary 
Neutron diffraction measurements have been successfully performed at the ISIS 
ENGIN-X instrument to characterise residual strains and stresses in the NET bead on 
plate specimen. The measurements were made along lines bisecting the plate 2 mm 
below the welded surface: and along through-thickness drill-downs at the start, 
centre and stop positions of the weld bead. High magnitude longitudinal and 
transverse stresses (over 300 MPa and 200 MPa respectively) exist close to the weld 
bead. There is some evidence of weld start and stop concentration effects but they are 
more pronounced in the strain graphs than in the stress graphs. An apparent increase 
in transverse stress along the welding direction is also more evident in the strain data. 
The measured through-thickness stress profiles for the weld start, centre and stop 
positions are almost identical to each other implying that any weld start and stop 
stress concentration effects have little effect on the underlying through-wall stress 
distribution. However, the measured transverse strain map suggests that a short-range 
weld stop strain concentration effect is located before the actual weld stop position. 
Comparison of single peak fitting and multi-peak fitting results shows significant 
discrepancies in the ND strain and stress variation. These differences can be 
attributed to the plastic anisotropy effect in and near the weld region. However, the 
use of a multi-peak fitting routine (such as a Pawley fit) proved to be very useful to 
reduce the effect of anisotropy effect in the final results. The neutron diffraction 
results show very good agreement when the results were compared to the results of 
contour measurements. 
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5.2 Effect of specimen geometry on weld residual stress 
5.2.1 Background 
Traditionally, in fracture mechanics it has been assumed that the properties measured 
in laboratory-sized specimens will also be applicable to the real component as long 
as the conditions of similitude and small scale yielding hold true. However, although 
the introduction of a weld into a laboratory size specimen does not change the 
condition of small scale yielding, no assumption can be made on similitude as the 
residual stress condition in the component may be different once the sample is 
machined or any portion of it is cut, as this might cause stress relaxation. 
The purpose of this current work is to investigate the extent of similitude through the 
measurement of residual stresses in compact tension specimens machined from MIG 
welded Al-2024 and Al-7150 plates. This work is part of a larger integrated program 
on the determination and consequences of residual stress on the fatigue performance 
of welded aircraft structures [5.14]. The measurements in this part of work were 
carried out using the newly-built POLDI instrument at PSI, Switzerland. 
5.2.2 Specimen manufacture 
Measurements were carried out in two compact tension specimens which had been 
machined from MIG welded Al-2024 alloy and Al-7150 alloy plates. Initially, two 
plates of dimension 500 x 186 x 12 mm3 were joined using a double pass MIG 
welding technique at Cranfield University [5.15]. Finally each 12 mm thick specimen 
was reduced to a thickness of 6.9 mm (as seen in figure 5.33) and cut into compact 
tension specimen form. The thickness of the CT specimen was chosen to be around 7 
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mm as this is the typical thickness of the skin used in the wing skin stringer panel. 
The geometry and the size of the two specimens were identical, as shown in figure 
5.33. 
Al-2xxx series alloys are known for their poor weldability [5.16] due to their 
susceptibility to hot cracking as a result of the formation of a low melting point 
eutectic. The plates were welded using a new double pass MIG welding technique 
using AA-2319 filler wire, which has a composition of 6.2% Cu, 0.17% Fe and 
0.32% Mn. The Al-2024 plate was heat treated to T351 conditions, namely: heat 
treatment and cold working followed by a natural aging treatment. The welded plate 
was not subjected to any post weld heat treatment except natural aging. 
Al-7150 alloy plates were W51 treated. That is: solution treated, quenched 
and stress relieved by stretching in the rolling direction. These plates were double 
pass MIG welded using AA-5039 filler wire of composition (wt%) 3.3-4.3 % Mg; 
2.4-3.4% Zn. Al-7150 was given a post weld heat treatment to the T651 condition, 
that is dual temperature precipitation heat treated [5.17]. The chemical composition 
of both alloys is presented in table 5.2. 
A detailed study of microstructure and crystallographic texture analysis of 
MIG welded Al-2024 alloy and Al-7150 alloy has been performed by Ganguly [5.18, 
5.19] and Stelmukh [5.20,5.21 ]. It has been reported that MIG welded 2024 alloy 
does not show any significant texture, while Al-7150 alloy exhibits a strong texture 
variation of the (422) plane in the longitudinal direction (LD) and (222) planes in the 
transverse direction (TD). 
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Table 5.2: The typical chemical composition of the alloys (wt %) [5.17]. 
Alloy Cu Mg Mn Zn Si Fe Al 
Al-2024 4.00 1.20 0.5 <0.25 <0.15 <0.20 Bal 
Al-7150 1.9-2.5 2.0-2.7 - 5.9-6.9 0.12 1.5 Bal 
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Figure 5.33: Schematic diagram of the geometry of the two samples, with 
the location of points at which the residual strain was measured. 
5.2.3 Neutron diffraction measurement 
Details of the Poldi instrument have already been presented in chapter 2. The (311) 
reflection was used for the measurement of the Al-2024 plate in all three directions, 
as no severe texture was reported [5.19], with a scattering angle of 20 = 900. But in 
the case of the Al-7150 alloy, due to the presence of strong texture, different 
reflections were used for different strain directions. The longitudinal direction (LD) 
was measured using the (422) reflection, the transverse direction (TD) using the 
(222) reflection, and in the normal direction using the (220) reflection. In the case of 
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the Al-7150 alloy the LD direction had to be measured at a scattering angle of 
20 = 1050. This is because, at a scattering angle of 29 = 900, observation of (422) 
reflection requires a wavelength of A= 1.17A, which is close to the POLDI cut off 
wavelength of 1. I IA 15.22]. The instrument was initially calibrated using standard 
silicon powder. Recalibration of the instrument was also carried after the scattering 
angle was changed to 1050. The specimens were mounted, in turn, on the computer- 
controlled stage, which enabled them to he translated in three orthogonal directions 
through the instrumental gauge volume. For both specimens scans were made across 
the weld, co-planar with the crack direction, along the mid thickness of the specimen, 
as shown in figure 5.33. By re-orientation of the sample the strain component in 
three orthogonal directions was determined for each sample position. 
Figure 5.34: Experimental setup in POLDI. 
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The specimen, mounted on the sample table for measurement of strain in the LD, is 
shown in figure 5.34. For the measurement of the longitudinal strain component a 
gauge volume of 2x2.5 x 1.5 mm3 was used. In order to optimise the measurement 
time for the transverse and normal directions, a gauge volume of 2x 10 x 1.5 mm3 
was used, averaging the strain along the weld longitudinal direction where it was not 
expected to vary significantly with longitudinal position. 
5.2.3.1 Stress-free lattice spacing 
In a weld, it is important to measure the point to point variation of the stress-free 
reference lattice spacing, do, since this can vary significantly due to changes in 
chemical or structural composition, both in the weld itself and in the heat-affected 
zone (HAZ) [5.21,5.231. In this work the stress-free reference lattice parameters 
across the weld were determined using comb specimens, obtained from sections 
across the original 12 mm thick weld (figure 5.35) using Electro-Discharge 
Machining (EDM). The resulting comb contained teeth, centred at points 
corresponding to each position of strain measurement, which were small enough to 
be essentially stress-free [5.20]: the dimensions of each individual tooth were 2.4 
mm x 2.7 mm in the LD-TD plane, and 9 mm along the ND. The strain components 
were measured along the three principal directions at the positions within each tooth 
corresponding to those in the original specimens, using a2x2.5 x 1.5 mm3 gauge 
volume. 
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Figure 5.35: A comb specimen from which the stress-free lattice parameters were 
determined. 
5.2.3.2 Data analysis 
The overlapping diffraction patterns were deconvolved to give the variation of 
intensity vs. lattice spacing, dhki. in the range sampled by the instrument. The profile 
of each peak was fitted using a Levenberg-Marquardt routine [5.24] to give the 
lattice spacing of individual peaks. Although as many as 10 peaks were observed in 
the diffraction spectra of the Al powder. in the case of the Al-2024 specimen 
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only the strongest (5) peaks, which can be seen in figure 5.36, were fitted as the 
collection of all 10 peaks would be prohibitively time consuming. A typical de- 
convolved diffraction spectrum from the Al-2024 specimen and the final fitted 
spectrum are shown in figure 5.36 (a and b). 
The weighted average lattice parameter value <a> of the 5 individual peaks hkl used 
in the analysis is given by the following expressions: 
h2+k=+r_ 
<a x 
ýAdhkil 
(5.3) 
ýI&IMl 
Where Ad. is the uncertainty in the measured d,, k, , 
This average lattice spacing, and that from the stress-free comb specimen, <a0>, were 
used to calculate the strain: 
<a >-<a0 > 
< a0 > 
(5.4) 
It is assumed (by symmetry) that the directions in which the strain was measured are 
in fact principal stress directions. The stress in the three principal directions is then 
calculated using Hooke's law (equation 3.4), with the following elastic constants: E 
= 72 MPa and Poisson's ratio v=0.33. In the case of the strongly-textured MIG- 
welded Al-7150 specimen, different reflections were used to measure the strain 
components in the three principal directions. The (422), (222) and (220) peaks were 
used as described in the previous sections to determine the strain components. 
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The strain in each direction was calculated from the lattice spacing dhkI of the 
individual reflections. The stress-free lattice parameter values obtained from the 
corresponding positions in the AI-7150 comb were used to calculate the strain, using 
the following expressions: 
£42' = 
d42 A° d4022 (5.5 a) 
422 
0 
£,,, : -- £"' = 
dz dzn 
(5.5 b) 
doo2 
d, m -d 
0220 
£yn = £z. o = (5.5 c) do 220 
The stress components were calculated from these strain values using equation 2.13. 
The same elastic constants were used for all three reflections since the degree of 
elastic anisotropy is small in the case of aluminium alloys, with the maximum 
deviation of any plane-specific elastic constants from the average value being - 3- 
4% [5.25]. Overall experimental uncertainties (considering only the uncertainty in 
peak position [5.26J) of approximately 20-30 MPa were determined near the weld 
and were around 10 MPa in the bulk material for both alloys. 
183 
w 
." 
Chapter 5 
5.2.4 Results and discussion 
5.2.4.1 MIG welded Al-2024 specimen 
The results obtained from the experiments are presented in the following figures 
where strain and stress variations are plotted as a function of distance from the weld 
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Figure 5.37: Variation in (a) strain and (b) stress measured along the principal 
directions in the MIG welded 2024 specimen. 
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centre. As noted previously, since the Al-2024 T351 alloy specimen did not exhibit 
any strong texture, weighted average values of lattice parameter from all the 
reflections were used to determine the strain. This average value gives elastic 
parameters close to the macroscopic values [5.27]. The resultant variation in the 
strain and the stress across the MIG welded Al-2024 sample is shown in figure 5.37 
(a and b). The presence of inter-granular stresses cannot be ruled out in Al alloys as, 
although quite elastically isotropic, they are plastically anisotropic [5.28] and a 
substantial amount of plastic deformation was involved during the processing of the 
original plates. However, the inter-granular stresses present in the original plate will 
also be present in the reference comb specimen, and so their effect should be 
essentially cancelled out. 
Figure 5.37 (a and b) shows the longitudinal, transverse and normal direction strain 
and stress profile measured across the weld in the middle of the sample. It is evident 
from the plot that the stress variations follow a similar trend in the longitudinal, 
transverse and normal directions with compressive stress near the weld centre and 
tensile stress near the HAZ region. A maximum tensile stress of around 140 MPa is 
observed in the longitudinal direction near the HAZ region at around 5 mm away 
from the weld centre while a maximum compressive stress of -40 MPa is found in 
the weld centre. The longitudinal stresses measured in the CT specimen are 
compared with those measured in the original welded plate [5.19,5.29] in figure 
5.38. It can be seen that there has been a substantial relaxation in longitudinal 
residual stress on machining the CT sample from the welded plate. In particular, 
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Figure 5.38: Comparison of the longitudinal stress distribution in the 2024 CT 
specimen and a plate representative of that from which it was 
machined 
compressive stresses now exist at the weld centreline whereas the equivalent area in 
the original plate contained tensile stresses. 
Further, the CT specimen results are compared (figure 5.39) with the results of 7 mm 
thick dog-bone shaped MT specimen [5.19,5.29], which was also obtained from the 
original 12 mm thick as-welded plate. The result shows that both MT and CT, 
specimens show stress relaxation compared to the original welded plate, however the 
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Figure 5.39: Comparison of the longitudinal stress distribution in the 2024 CT 
specimen, MT specimen and a plate representative of that from which 
these were machined. 
MT specimen shows relatively less stress relaxation compared to the significant 
amount of stress relaxation observed in the CT specimen. It is evident from the plot 
that tensile stress of 100 MPa and 120 MPa is observed at the weld centre of the MT 
specimen and as-welded plate respectively whereas a compressive stress of -50 MPa 
can be found at the same location of the CT specimen. The larger amount of stress 
re-distribution in the CT specimen can be attributed to the introduction of a notch in 
this specimen 
Consequently, the presence of this compressive and tensile residual stress at the weld 
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with parent plate at R=0.1 [5.14]. 
centre of CT and MT specimen respectively can affect the fatigue crack growth rate 
significantly and this can be better illustrated if the fatigue crack growth rate in these 
specimens are compared. Figure 5.40 compares the fatigue crack growth rate 
produced by constant AK test at OK =6 MPa. \fm- in CT and MT samples [5.14]. It 
can be seen from the plot that the crack growth rate is significantly higher in the MT 
specimen compared to the CT specimen. In the MT specimen, the crack growth rate 
varies from 2.10-8 to 7.10-8 m/cycle, whereas in the CT specimen, the crack growth 
rate reduces to less than 10-10 m/cycle as the crack approaches the weld centre. As 
both the samples were obtained from the same parent plate and contain identical 
welds, the difference in the fatigue crack growth rate must be due to the residual 
stress difference, which arises due to the geometry change of different samples. 
These results clearly suggest that the residual stress distribution and consequently the 
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fatigue crack growth rate in welded components can be greatly influenced by the 
specimen geometry. 
5.2.4.2 MIG welded Al-7150 specimen 
Figure 5.41 (a and b) shows the variation of strain and stress with position across the 
weld for the MIG welded Al-7150 specimen. In this case individual do values 
obtained for the reflection used in each direction were used on a point by point basis 
to calculate the strain. This should remove any do and inter-granular variations 
present so that only the macroscopic strains are determined. 
Like the Al-2024 alloy, figure 5.41 (b) shows similar variations in longitudinal 
residual stress for the Al-7150 alloy, tensile longitudinal stress being observed near 
the HAZ region with compressive stresses in the weld centre. The maximum tensile 
stress of 120 MPa was found at around 5mm away from the weld centre. However, 
the magnitude of compressive stress is around -150 MPa, which is significantly 
larger compared to the maximum compressive stress observed in the Al-2024 
specimen. 
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Figure 5.41: Variation in (a) strain and (b) stress measured along the principal 
directions in the MIG welded Al-7150 specimen. 
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Figure 5.42: Comparison of the longitudinal stress distribution in the Al-7150 CT 
specimen and a plate representative of that from which it was 
machined. 
Figure 5.42 shows a comparison between the longitudinal stress measured in 
the CT specimen and the original welded plate [5.21,5.30]. In common with the Al- 
2024 CT observations it can be seen that there has been a substantial relaxation in 
longitudinal residual stress on machining the CT from the welded plate. Furthermore, 
confirming the 2024 result, compressive stresses now exist at the weld centreline 
whereas the equivalent area in the original plate contained tensile stresses. These 
results clearly suggest that the residual stress distribution in a welded component can 
be greatly influenced by the specimen geometry. 
o Longitudinal stress (CT specimen) 
o Longitudinal stress (12 mm thick plate) 
MIG-7150 Alloy 
ýýI 
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5.2.5 Summary 
It is evident that in both CT samples, the longitudinal residual stress after specimen 
machining is substantially less than that in the original welded plate. Furthermore, 
this reduction has been in the longitudinal stress, which is usually the largest residual 
stress in a weld and is normally aligned in a CT specimen so that it will have the 
maximum effect on crack propagation. These results provide firm evidence that 
residual stresses do not show the similitude that is a fundamental pre-requisite of the 
application of data obtained from laboratory sized specimens to larger components 
and structures. The effect is particularly striking since the stress at the weld centre 
changes from tensile to compressive: from deleterious to fracture and fatigue 
properties in the welded plate to advantageous in the CT specimen. This work 
suggests that care must be taken in using the results obtained from laboratory sized 
fracture and fatigue specimens that have been machined from larger welded 
components or structures. 
5.3 Example of residual stress redistribution due to the 
presence of a fatigue crack 
5.3.1 Background 
The effect of residual stress on fatigue crack growth has already been established 
and well understood qualitatively. Residual stress has been identified as a mechanism 
which affects the fatigue resistance of a material. From previous experience it is 
observed that a crack grown through compressive residual stress field shows 
retardation, but when it reaches a tensile zone it does not show the expected 
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accelerated crack growth. This phenomenon can only be explained in terms of 
redistribution and relaxation of the pre-existing residual stress due to the passage of 
the crack. Therefore, it is very important to know the distribution of residual stress 
after the crack is grown as the use of residual stress values prior to the crack growth 
might lead to a non-conservative fatigue life prediction. 
In this current work, the neutron diffraction technique has been used to study 
the redistribution and relaxation of the original residual stress field in VPPA welded 
Al-2024 alloy due to the presence of fatigue cracks of different lengths. Further 
experiments were also carried out on these samples under in-situ loading condition to 
study the stress distribution due to the application of external loading. 
5.3.2 Sample descriptions 
Two VPPA-welded dog bone shaped MT (middle crack tension) Al-2024 samples 
with centre crack lengths of 13 mm and 25 mm were investigated. The joined plates 
Figure 5.43: Photograph of the dog-bone sample. 
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were subsequently skimmed and fabricated to dog-bone specimens of dimensions 
380 x 80 x7 mm3. A central notch of 1 mm nominal radius was placed using the 
Electro Discharge Machining (EDM) technique and then subsequently fatigue cracks 
(2a = 13 mm and 25 mm) were grown in both the specimens under the condition of 
constant AK = 8MPa/ and 6MPa' respectively with a constant R value of 0.1. 
The photograph of the specimen can be seen in the figure 5.43. Three principal 
directions can be identified as the longitudinal direction (LD), which corresponds to 
the welding direction that is perpendicular to the crack growth direction, transverse 
direction (TD), which corresponds to transverse to the welding direction that is along 
the crack growth direction, and normal direction (ND), which corresponds to the 
through thickness direction. 
5.3.3 Details of experiment in HMI Berlin 
The experiment was carried out on the dedicated residual stress diffractometer, E3, at 
the neutron reactor source at the Berlin Neutron Scattering Centre (BENSC) at HMI, 
Berlin. The diffraction experiment was carried out using a monochromatic beam of 
fixed wavelength (A =1.37 A), which was obtained from a vertically focused fixed 
Cu (220) monochromator orientated at a take off angle of 29M = 65°. 
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Figure 5.44: Experimental set-up on E3 instrument at HMI. 
The instrument was calibrated by measuring a standard pure alpha-iron pin. All the 
measurements were carried out using the (311) reflection, which corresponds to a 
scattering angle of 20 = 69.93°. The gauge volume of 2x2x2 mm3 was used to 
probe along the mid-thickness of the specimen starting from the centre notch, from 
where the crack was first initiated. Measurement locations can be seen in the figure 
5.45. To capture the effect of only the fatigue cycle without the presence of a crack, 
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at the mid 
thickness of the 
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Figure 5.45: Schematic diagram of the dog-bone shaped MT specimen. 
one extra set of measurements was carried out 20 mm away from the crack line. 
Three principal directions were measured and for that reason the sample had to be 
realigned three times as only one detector was used. The accurate positioning of the 
sample with respect to the beam was achieved by using a laser beam together with 
the use of conventional wall-scans of the sample across the beam. 
Point to point stress free reference values were obtained by the measurement of the 
comb specimen, which was measured previously at the ENGIN facility, France 
[5.19]. Standard Al powder sample was used to normalize the data from the two sets 
of measurement points. 
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5.3.4 Data analysis 
A typical diffraction spectrum obtained at the E3 instrument, measured on the Al- 
2024 sample, is shown in figure 5.46. The diffraction peak profile was fitted using 
in-house TVTUBE software [5.31], which fitted the diffraction profile using a peak 
fitting routine assuming a Gaussian-type intensity distribution profile. 
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Figure 5.46: Diffraction spectrum obtained in the Al-2024 specimen on E3 
instrument, Berlin. 
5.3.5 Results and discussion 
The 7 mm thick as-welded specimen (without the presence of any fatigue crack) was 
measured at ENGIN instrument, ISIS, by the Open University Structural Integrity 
Research Group [5.18,5.19] and the stress distributions in the three principal 
directions are shown in figure 5.47. The results show that the stress distribution 
pattern is almost similar in three principal directions with a significant stress 
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variation in the longitudinal direction. A typical double peak stress is observed in the 
longitudinal direction with the maximum stress of around 240 MPa is observed at 
around 5 mm away from the weld centre (HAZ region) while around 50 MPa stress 
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Figure 5.47: Residual stress variation across the weld in longitudinal, transverse and 
normal directions. 
is found in the weld centre. The stress distribution profile obtained from the current 
experiments is shown in figures 5.48-5.50. Figure 5.48 shows the longitudinal, 
transverse and normal direction residual stress variation along the crack in the short 
cracked (2a = 13 mm) sample. The stress profile in these three directions shows 
similar trend, with the stresses in longitudinal direction showing the greatest 
variation. Interestingly, the stress variation along the crack behind the crack tip does 
not vary much and remains compressive while in front of crack tip the stresses, 
particularly the longitudinal stress, rises rapidly to a high tensile value, with a 
maximum stress of around 260 MPa. The far field stresses approach zero as 
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Figure 5.48: Residual stress distribution in the short crack (2a = 13 mm) sample. 
expected. Figure 5.49 shows the 3-D stress profile measured in the long cracked 
sample (2a = 25 mm). The stress distribution follows a similar pattern to the short 
crack sample with compressive stress along the crack and a sharp rise of stresses in 
front of crack tip. The maximum tensile stress of around 310 MPa is observed in 
front of the crack tip which is at a distance of around 14 mm from the weld centre. A 
compressive stress of around -40 MPa is observed along the crack in the longitudinal 
direction and a maximum compressive stress of around -90 MPa is observed near the 
crack tip. 
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Figure 5.49: Residual stress distribution in the long crack (2a = 25 mm) 
sample. 
To study whether the fatigue cycle applied to the sample to grow the crack has any 
effect on the previously present residual stress distribution, a line was measured 20 
mm away from the crack line. The results from this measurement are plotted in 
figure 5.50, which shows that the typical double peak is observed in the 
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Figure 5.50: Residual stress distribution (across the weld) in the short crack 
specimen 20 mm away from the crack line. 
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longitudinal direction with maximum peak stress of around 220 MPa at around 8 mm 
distance from the weld centre. The TD and ND stress does not vary significantly and 
the stress values remain close to zero in both direction. Finally, in figure 5.51, the LD 
stress profiles are plotted for the short cracked, long cracked, fatigued un-cracked 
and as-welded samples to compare the effect of fatigue crack on the weld residual 
stress distribution. It is evident from the figure that a significant relaxation of 
residual stress takes place in both the fatigue-cracked specimens. In both specimens a 
compressive stress is observed all along the crack, which becomes tensile in front of 
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Figure 5.51: Comparisons of longitudinal residual stress profile among the as 
welded, short crack, long crack and fatigued specimen. 
the crack tip. The presence of compressive stress along the crack and sharp rise of 
stresses in front of crack tip confirm the fact that residual stresses are redistributed 
due to the fatigue crack growth. However, the stress profile of the line measured 
away from the crack (without crack) line shows (figure 5.51) no significant 
difference in the stress distribution compared to the original welded specimen which 
suggests that the effect of redistribution is only limited in the region near the fatigue 
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crack. It is worth mentioning that the uncertainties of the measured stress values 
(around 40 MPa) obtained in E3 instrument (HMI) are relatively high than the typical 
stress uncertainties observed in ENGIN-X (around 10-20 MPa). This can be 
attributed to the presence of a higher background in the diffraction spectrum of the 
E3 instrument at HMI. Nevertheless, these results clearly demonstrate that significant 
redistribution of residual stress takes place due to the presence of fatigue crack and it 
might lead to non-conservative life approach if not accounted for. 
5.3.6 Superposition of residual stress under external loading 
A neutron diffraction experiment was carried out on both the VPPA welded Al-2024 
MT specimens under different levels of in-situ loading, the aim of which was to 
investigate whether the principle of superposition is applicable in the fatigued 
cracked welded specimen. 
5.3.6.1 Diffraction experiment 
Both the VPPA welded dog-bone shaped MT specimen (short cracked and long 
cracked) of different crack lengths (2a = 13 mm and 2a = 25 mm) were measured 
using neutron diffraction technique under the application of different levels of in-situ 
loading by pulling the specimen using a stress rig at the ENGIN-X facility. The 
schematic diagram of the experimental set up at the ENGIN-X facility is shown in 
the figure 5.52. The in-situ load was varied between the K, and Km;,,, for the 
fatigue cycle. The value of which was 8.90 and 0.90 for the short cracked specimen 
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and 6.67 and 0.67 for the long cracked specimen respectively. The K values were 
calculated using the following equation obtained from ASTM E 647: 
-- 
DP Ica 
Sý()ra 
) 
B 2W 2J 
(5.6) 
W here a= 
2a 
, OP = 
P,,, 
a - 
P,,,;,, for R>0 and AP = P.,, for R<_ 0. W 
Three principal directions were measured using a gauge volume of 2x2x2 mm3. 
Two directions were measured simultaneously, as ENGIN-X has two detector banks, 
while the third direction was measured by unloading the sample and rotating it by 
Detector 1 
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Figure 5.52: Schematic diagram of experimental set up at ENGIN-X instrument. 
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900 and reloading it again. Point to point stress free reference values were obtained 
by the measurement of the comb specimen, which was measured previously at the 
ENGIN [5.19] instrument at ISIS. A standard Al powder sample was used to 
normalize the data from two sets of measurement points. 
5.3.6.2 Results and discussion 
Figures 5.53 and 5.54 show the LD stress distribution in the short cracked and long 
cracked sample under the application of various level of in-situ loading. It can be 
seen from the results that in both the samples a systematic shift of combined stress 
(residual stress + applied stress) can be observed with respect to a increase of 
external load and this effect is more prominent away from the crack tip and less 
prominent behind the crack tip. This result suggests that the superposition principle 
can still be applied in a fatigued-cracked specimen where residual stress previously 
exists. In this work only the LD stress distributions are presented as the superposition 
principle can directly be applied in these direction stresses only as this is the loading 
direction. 
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Figure 5.53: Stress distribution in the short-cracked (2a = 13 mm) under the 
application of external loading. 
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Figure 5.54: Stress distribution in the long-cracked (2a = 25 mm) sample under the 
application of different levels of external loading. 
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5.3.7 Summary 
The residual stress distribution in a welded fatigue cracked specimen has been 
successfully analyzed using the reactor neutron facility at HMI, Berlin. The results 
clearly show that original residual stresses are redistributed due to the presence of a 
fatigue crack, which if not taken into account in the fatigue life prediction model may 
lead to non-conservative life approach. Further experiments under the application of 
in-situ loading have demonstrated that the superposition principle is also applicable 
in the welded specimen with fatigue-crack, where residual stress is present 
previously. 
5.4 Overall summary 
" The residual stress in a bead-on-plate welded specimen was successfully 
analyzed using the ISIS spallation neutron source. Significant tensile stress is 
observed near the weld region in the longitudinal and transverse directions 
where normal direction stress does not change much and remains close to 
zero. The ESSD technique was used to analyze the texture in the weld and the 
parent material and a strong texture of (100) was revealed, the effect of which 
was minimized in the final result by using Pawley refinement technique of 
several peaks. Single peak analysis and multi-peak analysis was carried out 
using Open Genie software, which revealed the effect of plastic anisotropy in 
the weld material. 
" The 3-D residual stress distributions in MIG welded Al-2024 and Al-7150 
alloy compact tension specimens have been determined using the newly 
developed POLDI instrument at the PSI, Switzerland. Near the weld centre, 
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the stresses are found to be compressive in both the specimens, but this 
compressive region is narrower in case of the Al-7150 specimen compared to 
the Al-2024 specimen. These results were compared to the stress results 
obtained from the original plate. In both cases, a substantial relaxation in the 
longitudinal stresses is observed when compared to the original welded plate. 
This work suggests that care must be taken in using the results obtained from 
laboratory sized fracture and fatigue specimens that have been machined 
from larger welded components or structures, which otherwise might lead to 
non-conservative life prediction. 
" To study the effect of fatigue crack on the residual stress distribution, 
investigations were carried out on VPPA welded Al-2024 alloy specimens, 
with two different lengths of fatigue crack. Neutron diffraction results show 
significant redistribution of residual stress in both the specimens, with 
compressive stress all along the crack and a significant increase of stress to a 
tensile value is observed in front of the crack tip. Results obtained from the 
diffraction experiment under in-situ loading condition show a systematic 
increase of stress due to the application of external loading, indicating the fact 
that the superposition principle can be applied in the fatigue cracked 
specimen where residual stress exists previously. 
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Conclusions and suggestions of future work 
This chapter concludes the work carried out in thesis by summarising the 
contribution of this thesis and finally suggesting some recommendations for future 
work. 
6.1 Summary 
The aim of this project was to study the residual stress distributions in engineering 
components, at the micro and macro-scales, using the synchrotron X-ray and neutron 
diffraction techniques as most appropriate for the problems being studied. In addition 
to the measurements themselves, specific features and challenges of the methods 
applied and their limitations have been highlighted. The work has been focussed on 
the interaction between fatigue cracks and residual stress fields in welded metallic 
alloys. 
The first set of experiments investigated the strain and stress distribution around a 
fatigue crack. The small-scale (sub-millimetre) extent of the crack-tip stress field 
requires a probe with a very fine spatial resolution, and at present only synchrotron 
X-ray diffraction is capable of providing this. In turn, this needs a very small grain 
size, and so the crack tip strain field has been investigated in fine-grained Al-5091 
CT specimens. Hence the aim of this part of the study was to show the feasibility of 
the high resolution (20 x 20 micron) strain and stress field mapping around a fatigue 
crack inside a bulk metallic component under the application of in-situ loading 
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condition using synchrotron X-ray diffraction technique. The strain maps were 
obtained successfully in two principal directions and from that stresses were 
calculated in three principal directions assuming plane strain condition. 
Following determination of the crack tip stresses, three different problems related to 
weld residual stress have been investigated. The first part investigated the residual 
stress distribution in a 316L stainless steel bead-on-plate welded specimen using 
neutron diffraction, and compared the results with results obtained from one another 
technique. These results highlighted the need to account for plastic anisotropy when 
measuring stresses in something like a weld which has experienced considerable 
plastic deformation. It may be necessary to consider this in future studies of fatigue 
crack tip stress fields. 
The objective of the second part was to study whether the condition of similitude can 
be applicable to the laboratory size welded specimens. To study this phenomenon 
neutron diffraction experiment was carried out in MIG welded Al-2024 and Al-7150 
CT specimens. 
The third set of experiments was to study the residual stress redistribution due the 
presence of fatigue crack with different crack length. Further experiment was carried 
out under in-situ loading condition to investigate the effect of applied loading on the 
stress distribution. The results obtained and the conclusions drawn from them are 
presented in the following sections. 
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6.2 High resolution strain and stress mapping 
around a fatigue crack 
The following conclusions can be drawn from the high resolution synchrotron X-ray 
diffraction strain and stress mapping around a fatigue crack under the application of 
in-situ loading condition: 
"A significant tri-axial stress is observed in front of the crack tip, both in the 
as-fatigued specimen and in the overloaded sample at their respective K. 
values. The magnitude of maximum tensile stress in the overloaded specimen 
was found to be (at 550 MPa) almost double the maximum tensile stress (220 
MPa) observed in front of the fatigued cracked specimen. A constant band of 
compressive stress is observed all along the crack wake in the as-fatigued and 
overloaded specimen irrespective of their loading condition. This result 
indicates that the plastic anisotropy effect is the prime source of the 
generation of compressive stress in the crack wake region. The effect of 
overloading was also evident from the result where a significant compressive 
stress is observed at the crack tip of the overloaded specimen in unloading 
condition. 
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6.3 Macro residual stress distribution in the welded 
specimens 
6.3.1 Residual stress in the bead-on-plate welded specimen of 
316L stainless steel 
The following conclusions can be drawn from the neutron diffraction experiment on 
bead-on-plate welded specimen: 
" Neutron diffraction technique was successfully used to determine 3-D macro 
residual stress distribution in a TIG welded 316L stainless steel plate. The 
results show high magnitude of longitudinal and transverse stresses (over 300 
MPa and 200 MPa respectively) exist close to the weld bead. There is some 
evidence of weld start and stop concentration effects but they are more 
pronounced in the strain graphs than in the stress graphs. The normal stress 
does not vary much and remains close to zero. 
" The measured through-thickness stress profiles for the weld start, centre and 
stop positions are almost identical to each other implying that any weld start 
and stop stress concentration effects have little effect on the underlying 
through-wall stress distribution. 
"A clear evidence of transverse direction strain concentration is observed in 
the stop end with maximum strain concentration of 750 microstrain was 
found near the weld stop region. 
9 The comparative study of single peak analysis and multi peak analysis reveals 
the presence of plastic anisotropy in the region near the weld material. 
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Significant intergranular stress is observed particularly in the normal 
direction due to the plastic anisotropy. The effect of plastic anisotropy was 
reduced to minimum in the final results by the use of Pawley fitting routine 
while analysing the diffraction spectrum (section 5.1.5.5). 
9 The stress results obtained from the diffraction experiment shows good 
agreement when the results were compared with the finite element analysis 
results and the contour results. 
6.3.2 Effect of weld residual stress in the similitude criteria in 
the laboratory size specimen 
A number of conclusions can be drawn from the diffraction measurement of Al-7150 
and Al-2024 CT specimen and are listed below: 
" Near the weld centre, the stresses are found to be compressive in both the 
specimens, but this compressive region is narrower and the magnitude of 
compressive stress is higher in case of the Al-7150 specimen (around -150 
MPa) compared to the Al-2024 specimen (around -50 MPa). The peak tensile 
longitudinal stresses of around 140 MPa and 120 MPa were observed near the 
HAZ region in Al-2024 and Al-7150 sample respectively. 
" In both alloys, a substantial relaxation in the longitudinal stresses was 
observed when compared to the original welded plate. The stress distribution 
at weld centre changes from tensile (in the original specimen) to compressive 
in the CT specimen. These results provide firm evidence that residual stresses 
do not show the similitude that is a fundamental pre-requisite of the 
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application of data obtained laboratory sized specimens to larger components 
and structures. 
6.3.3 Residual stress redistribution effect due to presence of 
fatigue crack 
The effect of fatigue crack on the existing residual stress field in the welded 
specimen has been investigated using neutron diffraction technique and the results 
and conclusions are summarised below: 
" In the short cracked (2a = 13 mm) sample, a significant compressive stress is 
observed all along the crack with the maximum compressive stress of -50 
MPa is found near the crack tip. A sharp rise of stress is observed in front of a 
crack tip and the stress values increases to tensile from the compressive 
stress. The maximum tensile stress of 270 MPa is found at around 8 mm 
away from the weld centre. 
" Like the short crack sample, the long cracked sample (2a = 25 mm) shows the 
similar stress distribution with a compressive stress field along the crack and 
a sudden increase of this compressive stress to the tensile region is observed 
in front of the crack tip. The maximum compressive stress of around -90 MPa 
was observed near the crack tip while the maximum tensile stress of around 
300 MPa was found around 16 mm from the weld centre. 
"A significant redistribution of the residual stress is observed in the fatigue- 
cracked specimens when the results were compared with the as-welded 
sample. Compared to the high tensile stress near the weld and HAZ region 
found in the as-welded specimen, a considerable amount of compressive 
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stress is observed in the fatigue-cracked specimen along the crack with 
maximum compressive stress in front of the crack tip. 
9 Diffraction experiment under the application of different level of in-situ 
loading reveals a systematic increase of measured stress which indicates that 
the superposition principle can be applicable in the fatigue cracked specimen 
where residual stress previously exists. 
6.4 Suggestions of future work 
This study has exploited the synchrotron X-ray and neutron diffraction techniques 
successfully aiming at determining residual stress distribution in micro and macro 
length scale. 
Although synchrotron diffraction technique is successfully used to map the 
strain and stress field around the crack tip in as-fatigued sample and overloaded 
sample and results obtained from this gives a broad spectrum of the events happening 
in the crack tip strain and stress field under in-situ loading condition, a further in- 
depth analysis of the data can give us more detail information regarding the crack tip 
and crack wake strain and stress field behaviour. In addition, stress intensity factor 
can be calculated and compared with the applied values by fitting the experimental 
stress data to Westergaard equations. Further, an attempt can be made to model these 
results using FE simulations. In addition, further investigation can also be carried out 
for the specimens with different loading history for example, fatigued, fatigued- 
overloaded and fatigued-overloaded-fatigued samples for a range of load cases. 
The macro residual stress distribution, obtained using neutron diffraction 
technique, in bead-on-plate welded 316L stainless steel specimen shows good 
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agreement with the contour and neutron diffraction results, however there is a scope 
for the texture corrections in terms of do corrections if comb specimen can be 
extracted from the weld region and measured. 
Regarding the residual stress redistribution study, there is a scope to continue 
the present work in studying the effect of this redistribution phenomenon on different 
crack length by growing fatigue crack of different length and measuring the residual 
stress. Furthermore, residual stress intensity factor can then be calculated directly by 
separating the measured and applied stress intensity factors. Finally the residual 
stress intensity factor obtained in this method can be compared with the model. 
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